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Preface

Lead is a ubiquitous toxicant. It is especially toxic to young children
and the fetus. Evidence gathered recently has shown that lead concentra-
tions of less than half the previous Centers for Disease Control (CDC)
guideline (30 ugldL) can impair cognitive and physical development in
children and increase blood pressure in adults. In response to that
evidence, the U .S. Environmental Protection Agency has proposed setting
10 pg/dL as a maximal blood lead concentration. On the basis of the
same evidence of toxic effects at 10/tg/dL, CDC has recently reduced its
1985 intervention or action concentration from 25 pg/dL to 10 pg/dL and
proposed a concentration for clinical management of 20 /<g/dL.

Persons exposed to lead and with blood lead concentrations above 10
pg/dL are likely to number in the millions. It was estimated that in 1984
about 6 million children and 400,000 fetuses in the United States were
exposed to lead at concentrations that placed them at risk of adverse
health effects (i.e., blood lead concentrations of at least 10 pg/dL).
Because of the potential for toxic exposures to lead of a large segment of
the population, especially sensitive populations (infants, children, and
pregnant women), there is a need to develop and refine methods for
measuring lead in blood at the revised lower concentrations (10 /tg/dL).

In addition, new reliable and reproducible techniques for measuring
lead in other tissues, such as bone, will also need to be developed.
Methods for detecting and measuring biologic markers of low-dose
exposure to lead are also needed, because the erythrocyte protoporphyrin
test lacks sensitivity at blood lead concentrations below 25 pg/dL. The
U.S. Agency for Toxic Substances and Disease Registry (ATSDK)
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requested that (he National Research Council (NRC) provide information
on measuring environmental exposure of sensitive populations to lead.
In response, the Board on Environmental Studies and Toxicology in the
NRC Commission on Life Sciences formed the Committee on Measuring
Lead Exposure in Critical Populations, which produced this report.

Committee members have expertise in toxicology, epidemiology, medi-
cine, and chemistry. From the beginning, the committee decided to take
a broad view of its charge and to produce a report that would not only
consider a variety of technical methods for measuring lead and biologic
markers of lead exposure in human populations at special risk for lead
toxicity, but would consider related issues, such as sources of exposures
and toxicity in sensitive populations.

We hope that this document meets the goals of ATSDR, which took
the initiative in sponsoring this study, and the needs of the wide array of
readers and regulators concerned with the impact of lead toxicity in
human populations at special risk. It is clear that public-health problems
associated with the misuse of lead have plagued society for several
thousand years. Modern humans are estimated to have total body bur-
dens of lead approximately 300-500 times those of our prehistoric ances-
tors, because lead is extensively mobilized from the earth's crust by our
activities. This committee believes that the state of scientific knowledge
and technical tools to deal with the lead problem are sufficiently devel-
oped to begin the process of changing these public health risks. We hope
that this report will be a useful tool to those charged with shaping effec-
tive approaches for dealing with lead toxicity and thus improving the
public health.

The committee gratefully acknowledges the interest and support of
Barry Johnson of ATSDR. We also thank George Provenzano, Universi-
ty of Maryland, Baltimore, and Joel Pounds, Institute of Chemical
Toxicology, Wayne State University, who provided information for the
committee. Finally, the committee was concerned about the extent to
which societal resources are necessary to implement various environmen-
tal lead control options that are associated with the analytical methods
described in this report. The committee requested that one of its mem-
bers. Joel Schwartz, prepare a detailed benefit analysis of lead exposure
prevention. His analysis will appear in the Journal of Environmental
Research. The committee is grateful for his independent analysis of this
important policy issue.

This report could not have been produced without the untiring efforts
of Shelley Nurse, senior project assistant. Norman Grossblatt edited the

report. Finally, the committee gratefully acknowledges the persistence,
patience, and expertise of Carolyn E. Fulco, project director for the
study until June 1990; Mary B. Paxton, project director until April 1991;
and Richard D. Thomas, project director from May 1991. Dr. Thomas,
an expert in toxicology and public health, provided us the guidance,
perspective, and judgmental interventions necessary to bring this report
to its final form.

Bruce A. Fowler
Chairman
Committee on Measuring Lead

in Critical Populations

XII xin



Contents

EXF.CUTIVK SUMMARY i

I INTRODUCTION 13
Perspective on Issues, 14
Historical Background, 22
Scope and Organization of the Committee Report, 29

2 ADVERSE HEALTH EFFECTS OK EXPOSURE TO LEAD 31
Clinical Intoxication in Children, 32
Intoxication in Adults, 34
Reproductive and Developmental Effects, 35
Cardiovascular Effects, 72
Mechanisms of Toxicity, 77
Summary, 93

3 LEAD EXPOSURE OF SENSITIVE FORMATIONS 99
Historical Overview of Anthropogenic

Lead Contamination, 100
Source-Specific Lead Exposure of

Sensitive Populations. 109
Summary, 139

4 BIOIOCK MARKERS OF LKA» TOXICITY 143
Biologic Markers of Exposure. 143
Biologic Markers of Effect. 167

xv



(ClIAPTKR 4, CONT.)
Biologic Markers of Susceptibility, 183
Summary, 187

5 METHODS FOR ASSESSING EXPOSURE TO LKAD 191
Introduction, 191
Sampling and Sample Handling, 196
Measurement of Lead in Specific Tissues, 197
Mass Spectrometry, 205
Atomic-Absorption Spectrometry, 218
Anodic-Stripping Voltammetry and Other

Electrochemical Methods, 223
Nuclear Magnetic Resonance Speclroscopy, 224
The Calcium-Disodium'EDTA Provocation Test, 226
X-Ray Fluorescence Measurement, 227
Quality Assurance and Quality Control, 244
Summary, 247

6 SUMMARY AND RECOMMENDATIONS 253
Sources of Lead Exposure, 253
Adverse Health Effects of Lead, 254
Markers of Lead Exposure and Effect, 256
Techniques to Measure Lead Exposure

and Early Toxic Effects, 257

REFERENCES 263

Measuring I ead Exposure
in Infants, Children,

and Other Sensitive Populations

xvi



Executive Summary

Adverse health effects from exposure to lead are now recognized to be
among industrialized society's most important environmental health
problems. In the United States, more than 6 million preschool metro-
politan children and 400,000 fetuses were believed to have lead concen-
trations above 10 micrograms per deciliter (>ig/dL) of whole blood. That
concentration has been designated by the U.S. Public Health Service as
the maximum permissible concentration from the standpoint of protecting
the health of children and other sensitive populations, and 20 pg/dL is
the concentration at which medical intervention should be considered. A
blood lead concentration of 10 pg/dL is low by comparison with the
concentrations that have been associated with observable toxic reactions
and that used to be widely permitted in the 1970s (e.g., 50-80 pg/dL).
But it is hundreds of times higher than estimated blood lead concentra-
tions in preindustrial peoples. For example, studies of bone samples of
North American Indians and other preindustrial populations indicate that
body burdens of lead in the general population today are 300-500 times
greater than preindustrial background concentrations.

Science and society have been remarkably slow to recognize and
respond to the full range of harm associated with lead exposure, but that
is changing. Understanding of this public-health problem has involved
a complex mixture of scientific knowledge, societal perception of risk,
economic concerns based on lead's numerous uses, and a recognition that
adverse health effects of lead are associated with lower exposures than
previously believed. Current scientific studies in toxicology and epide-
miology have shown that relatively low blood concentrations of leud may
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be associated with toxic effects. The appropriate regulatory agencies
have responded or have begun to respond by lowering the allowable
(i.e., presumably safe) concentrations of lead in (he population.

Until the early 1970s in the United States, the acceptable concentra-
tion of lead in blood was 60 /ig/dL in children and 80 jig/dL in adults.
Early in 1990, after a series of intermediate lowerings of the acceptable
concentration by various agencies and organizations, the Science Adviso-
ry Board of the U.S. Environmental Protection Agency (EPA) identified
a blood lead concentration of 10 /jg/dL as the maximum to he considered
safe for individual young children, on the basis of available evidence.
The U.S. Centers for Disease Control and Prevention (CDC) also
recently lowered its lead-exposure guideline to 10 jig/dL and its guide-
line for medical intervention to'20 ;(g/dL. It should he noted that CDC,
in a 1985 statement, explicitly identified lead loxicily in children at blood
lead concentrations well below 25 jig/dL, but a lower concentration was
not chosen as a guideline at that time, because of the logistics and
feasibility of lead screening. As with the previous reduction in exposure
limits, the advent of more sensitive and reliable analytic techniques has
played a central role in these changes in permissible exposures.

10 III CIVHMIIIII
ANHVIUIJCIIJUI «f 111 LIWttT

This report was prepared by the National Research Council's Commit-
tee on Measuring Lead Exposure in Critical Populations, a committee of
the Board on Environmental Studies and Toxicology. The study was
sponsored by the Agency for Toxic Substances and Disease Registry
(ATSDR).

As part of its efforts to prepare this report, the committee summarized
new scientific evidence on the low-dose toxicity of lead, and generally
concurs with CDC in the selection of 10 pg/dL as the concentration of
concern in children. Meeting this new guideline will require substantial
improvement in methods for measuring lead in blood and monitoring
other biologic markers of lead in tissues. If preventive techniques are to
be successful, amounts and sources of lead must be identified. Develop-
ing analytic measurement techniques that are accurate and precise at such
low concentrations is a difficult scientific challenge.

The committee was charged to examine one segment of the lead issue:
the assessment of lead exposure in sensitive populations via various
biologic markers of exposure and early effects. Chapters 2 and 3 of this
report summarize the toxicity of lead and sources of exposure to lead for
sensitive populations, defined in this report as infants, children, and
pregnant women. Chapter 4 deals with lead in blood and other physio-
logic mediu and describes the monitoring of biologic markers that indi-
cate that exposure to lead has occurred, markers of early toxic effects,
and markers of susceptibility. Chapter 5 assesses techniques for quanti-
tative measurement of the biologic markers of exposure and effect, it
concludes by describing trends in monitoring lead exposure and the
effects on society of reducing exposure. Finally, Chapter 6 presents the
committee's conclusions and recommendations to improve the monitoring
of lead in sensitive populations

\<>mtilivo I « milfilit m

As CDC has concluded, blood lead concentrations at or around 10
UgldL present a public-health risk to sensitive populations on the basis of
current evidence. The sensitive populations with respect to these adverse
effects are infants, children, and pregnant women (as surrogates tor
fetuses). There is growing evidence that even very small exposures to
lead can produce subtle effects in humans. Therefore there is the possi-
bility that future guidelines may drop below 10 )ig/dL as the mechanisms
of lead toxicity become better understood.

The adverse effects noted at approximately 10 /*g/dl. include

• Impairments of CNS and other organ development in fetuses.
• Impairments in cognitive function and initiation of various behav-

ioral disorders in young children.
• Increases in systolic and diastolic blood pressure in adults including

pregnant women.
• Impairments in calcium function and homcostasis in sensitive

populations found in relevant target organ systems.
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Somewhat higher blood lead concentrations are associated with impair-
ment in biosynthesis of heme, a basic substance required for blood
formation, oxygen transport, and energy metabolism. Some effects
described above—cognitive dysfunction and behavioral disorders—might
well be irreversible. One recent study showed persistence into early
adulthood of childhood neurobehavioral effects due to lead. The revela-
tion of adverse effects after modest exposures in study populations forces
the question of what the aggregate impact on sensitive populations is,
with respect to current exposures.

Ouantltatrve Methods fur Analysis
i

Exposure

It is estimated that millions of infants, children, and pregnant women
in the United States have blood lead concentrations above 10 pg/dL.
And, the toxicity of lead is established across the spectrum of exposure
concentrations starting as low as 10 jtg/dL. The exposure span between
these low-dose effects and the concentrations of lead associated with
substantial risk of severe brain damage and death is a factor of only
10-15 for a child and probably less for a fetus. In contrast, safety
margins of 10-100 for other toxic substances are commonly used with
the lowest-observed-effect level (LOEL) in humans to establish an
acceptable exposure of the general population.

Sources ami Accumulation

With the reduction of lead in gasoline and foods, the remaining major
sources of lead are

• Lead-based paint.
• Dust and soil.
• Drinking water.
• Occupational exposure.

Lead-based paint is the largest source of high-dose lead exposure for
children. Dust and soil can be high-dose sources and can also constitute
important sources of general population exposure. Drinking water is
also a major source for the general population, and sometimes high
concentrations of lead are found in drinking water. Lead in food is
primarily a general population source. Although lead in food declined
markedly during the 1980s, primarily because of the decrease in use of
lead-soldered cans manufactured in the United States, imported canned
foods continue to be high in lead. Gasoline lead was the major source
of general population exposure in the 1970s, but regulatory action has
reduced it by over 95%.

Dust and soil lead is a legacy of past production of lead, as well as
past uses in paint, gasoline, and other substances. Dust and soil lead
continues to be replenished by the deterioration of lead-based paint and
other sources. It serves as a compelling environmental reminder that
lead is not biodegradable and will accumulate in areas with substantial
loadings. In addition, stationary sources of lead, such as smelters, can
he regionally important.

>MHI NTA1M *A

Sensitive romilaliom

The committee had as a principal ta.sk the characterization of members
of the population who are at increased risk for lead exposure and toxicity
and are therefore members of a "sensitive" population. The committee
identified a number of sensitive populations in which low-do'se lead
exposure assessments were necessary. They include infants, children,
and pregnant women. Other populations are at risk because of potential-
ly large exposures. The committee concluded, however, that the most
sensitive populations are infants, children, and pregnant women; these
populations are the focus of this report. (Lead workers have long been
recognized to be at high risk because of excessive exposure.)

Populations are defined as .sensitive according to intrinsic and extrinsic
factors or mixtures of the two. Age, sex. and genetic susceptibilities
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typify intrinsic factors; relationships of subjects to external exposure
sources define extrinsic factors. Mixtures of the two can exist, as in
female workers who are exposed to lead in the workplace.

CJunnlHallvc MctlMxlt tor Analyst*

The principal markers of exposure are lead concentrations in various
physiologic media, of which whole blood is the most commonly used for
exposure assessment in sensitive populations. In very young children,
lead in whole blood is an indicator mainly of recent exposure although
there can be variable (hut not dominant) input to total blood lead from
past accumulation in the body/ In adults and particularly lead workers,
the past accumulation is a more prominent contributor to total blood
lead. However, the historical input is determined by the slow kinetic
component in blood-lead decay rates and thus, it is rarely the dominant
contributor to total blood lead.

Requirements for a longer-term measure of continuing lead exposure
in sensitive populations necessitates use of in vivo measurements of lead
in bone. Lead in shed teeth reflects lead accumulation over the period
from t(K>th eruption to shedding in children and is useful for quantifying
accumulation, but is inadequate as a basis for regulatory action, because
it reflects exposure over a long period.

Traditionally, impairments of steps in the biosynthesis of heme have
been exploited as effect markers in sensitive populations. The accumula-
tion of erythrocyte proloporphyrin (EP or ZPP) in whole blood was once
the primary screening test to identify children with increased lead bur-
dens. As blood lead concentrations of concern have continued to de-
cline, however, this measure does not retain the necessary sensitivity or
the specificity. One measure judged not to have meaning for systemic
toxicity is inhibition in activity of porphobilinogen synthetase (ALA-de-
hydratase), an enzyme in the erylhrocyte. Experimental animal studies
have identified lead-binding proteins and stoichiometrically interactive
processes of lead with calcium systems in various tissues. Their imme-
diate relevance or feasibility for routine exposure screening in sensitive
populations remains undefined.

The committee recommends

I \iiinivi V H H U V /

• That, because of the known relationship of the calcium messenger
system to growth, development, and cognitive function, new methods be
developed to characterize disturbances in the calcium messenger system
associated with lead exposure.

• That research be conducted on the effects of lead on affected organ
systems (e.g., the reproductive system and the genitourinary system)
and on the loxicokinetic behavior of lead (particularly hone lead) in
human populations.

• That research be conducted to improve the understanding of mecha-
nisms of low-dose lead toxicily, with emphasis on lead's effects on gene
expression, calcium signaling, heme biosynthesis, and cellular energy
production.

• That research be conducted to examine further the persistence and
reversibility of lead's effects.

I \INMII4*

The presence of mean hlood lead concentrations in the U.S. popula-
tion close to those which produce adverse health effects illustrates the
importance of correctly measuring lead concentrations in sensitive
populations. The committee recognized that exposure guidelines tor
health protection may be further (educed in the future.

The committee addressed measurement techniques for markers of both
exposure and effect useful at low blood lead concentrations. Emphasis
was placed on lead in physiologic media and EP, respectively. For the
present and near future, the committee concluded that the primary
screening tool to assess current lead exposure will be blood lead concen-
tration, rather than EP concentration. At current body lead burdens of
concern—i.e., those associated with the new CDC action level of 10 /ig/
dL—the EP technique is not sufficiently sensitive. (Evidence from
diverse epidemiologic studies shows that the EP technique was not
sufficiently sensitive even at the previous CDC guideline of 25 pg/dl..)

Current measurement techniques are capable of producing accurate
and precise blood lead measurements. They include atomic-absorption
spectrometry (AAS). anodic-stripping vnliammetry (ASV). and thermal-
ionization muss spectrometry (TIMS), all of which can he applied .it
parts-per-hillion concentrations of lead in biologic media Use ol those
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methods assumes competence and strict attention to contamination
control and other quality-assurance and quality-control (QA-QC) proce-
dures. To achieve optimal methodologic utility and proficiency for
routine and developmental needs, the committee particularly recommends

• That primary screening be done initially by measurement of lead in
whole blood.

• That, given the current blood lead concentrations of concern,
accurate and precise blood lead values be obtained, with strict attention
to contamination control and other principles of QA-QC.

• That rigorous trace-metal clean techniques be established in sample
collection, storage, and analysis.

• That a laboratory certification program be established, involving
participation in external (blind) interlaboratory proficiency testing pro-
grams and analysis of lead in blood with concurrent analysis of appropri-
ate reference materials.

• That, for more research-oriented purposes, standard reference
materials be made available for such media as bone, blood, and urine, to
allow laboratory evaluation of accuracy; this effort should be comple-
mented by similar standards available for environmental media.

• That studies be conducted to explore the feasibility of applying
ultraclean leadfree techniques to in vitro studies.

• That mass spectrometry with stable isotopes be used to investigate
sources of environmental lead, as well as to examine lead metabolism in
humans.

• That more sensitive techniques for quantifying body burdens of lead
in workers via bone lead dosimetry be developed.

• That, when radiation techniques are used for bone lead determina-
tions, great care be taken that doses to individual subjects and popula-
tions, particularly the human conceptus, be carefully quantified according
to National Council on Radiation Protection and Measurement (NCRP)
guidelines.

The committee recognizes that the application of analytical techniques
as described for the measurement of lead concentrations will require a
large commitment of resources. Further, the establishment of new
methods will require a significant investment of funds for research.
However, the importance of the problem requires this commitment of
manpower and funds.

iourci* ami Accumulation

The committee identified the need for and acknowledged the rapidly
developing availability of measurements for long-term lead accumulation
during active exposure periods in sensitive populations, especially chil-
dren and pregnant women. In so doing, it acknowledged that blood lead
for routine purposes remains principally an index of recent exposure.

In vivo K- and L-line x-ray fluorescence measurements of long-term
accumulated lead in trabecular and cortical bone of sensitive populations
have been developed and evaluated in some detail, and they may be
feasible as routine screening tools for selected sensitive populations in
the future. The committee recommends
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Introduction

Lead is a ubiquitous toxicant. It is especially toxic to young children
and the fetus, and it was estimated that in 1984 about 6 million children
and 400,000 fetuses in the United States were exposed to lead at concen-
trations to an extent that placed them at risk of adverse health effects
(i.e., blood lead concentrations of at least 10 micrograms per deciliter
(/ig/dL) (CDC, 1991). Equally important, past screening programs were
based on the blood lead concentrations of the U.S. Centers for Disease
Control and Prevention (CDC) guideline of 25 /tg/dL. Screening pro-
grams identify about 12,000 children with evidence of lead toxicity each
year (ATSDR, 1988), but results of screening programs might seriously
underestimate the magnitude of childhood lead exposure, primarily
because few children are screened and because the false-negative rate of
screening is high when screening is done with erythrocyte protoporphy-
rin.

In I98S, the CDC screening guideline for childhood blood lead
associated with toxicity changed from a minimum of 30 /ig/<JL to a
minimum of 25 /ig/dL (CDC, 1985). The CDC guideline was set on the
basis of health implications; of sensitivity, specificity, and cost-effective-
ness of a screening program; and of the feasibility of effective interven-
tion and followup. Evidence gathered since 1985 has shown that lead at
less than half the previous CDC guideline (EPA, I986a; Grunt and
Davis, 1989) can cause impairment of cognitive and physical develop-
ment in children and increases in blood pressure in adults. The U.S.
Environmental Protection Agency (EPA) Science Advisory Board has
therefore proposed setting 10 Mg'dL as a maximal safe blood lead eon-
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(EPA, I990a). In response to the same evidence of effects at 10 /ig/dL
and even below, CDC has recently revised its 1985 statement (CDC,
1991). The 1991 statement's major points include (I) an acknowledg-

' men! that the current evidence on adverse effects associated with low-
dose lead exposure requires a response from the federal medical and
public-health community, (2) a reduction in the 1985 intervention or
action concentration from 25 pg/dL to 10 jtg/dL, and (3) the imple-
mentation of a multillered, graded response that depends on measured
blood lead concentrations. Responses will range from community-level
actions to reduce lead exposure to emergency medical responses.

Persons exposed to lead and with blood lead above 10 ftg/dL are
likely to number in the millions, so appropriate methods for measuring
concentrations of lead in blood at the revised guidelines will need to be
developed and refined. In addition, new reliable and reproducible
techniques for measuring lead in blood and other tissues, such as bone,
will also need to be developed. Methods for detecting and measuring
low-dose lead biologic markers are also needed, because the erythrocyte
protoporphyrin (EP) test lacks sensitivity at blood lead concentrations
below 25 /ig/dL. For those reasons, the U.S. Agency for Toxic Sub-
stances and Disease Registry (ATSOR) requested that the National
Research Council (NRC) provide information on techniques for measur-
ing environmental exposure of sensitive populations to lead. The Board
on Environmental Studies and Toxicology in the NRC Commission on
Life Sciences formed the Committee on Measuring Lead Exposure in
Critical Populations to meet the need.

MUM TO IVI 4JN !%%!•«

The finding of health effects of lead at blood concentrations previously
considered low (i.e., about 10 /tg/dL) is not surprising. First, the
typical body burdens of lead in modern North Americans are at least 300
times greater than (reconstructed) burdens in North American Indians
before European settlement (Ericsonetal., 1991; Pattersonetal., 1991).
Thus, 10 jig/dL is not low, compared with the concentrations that used
to prevail until relatively recently in humans. The increasing body
burdens of lead with time are illustrated in Figure l-l. Second, lead
interferes with normal cellular calcium metabolism, causing inlracellular
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buildup of calcium. It binds normally to most calcium-activated proteins
with 100.000 times the affinity of calcium; once bound, it interferes with
the normal actions of these proteins.

Calcium and calcium-binding proteins serve as the messengers for
many basic cellular processes. Some lead-caused disturbances, such as
activation of protein kinease, show a dose-response relationship with no
evidence of a threshold—hence the apparent absence of a threshold for
some of the adverse health effects of lead. Third, death from encepha-
lopathy or massive brain damage it common in children with untreated
blood lead concentrations of ISO pg/dL and higher (NRC, 1972), and
approximately 10% of the concentration that can cause death from brain
damage might cause cognitive disturbances (as shown in epidemiologic
studies).

Regulation of most toxic substances is based on safety factors: the
presumed "safe* concentration for exposed people is set to be lower than
the lowest-observed-effect concentration in humans by a factor of 10 to
100 (NRC, 1986). In contrast, the mean blood lead concentration of
urban black children in 1978 was about one-sixth of the potentially fatal
concentration. For all children, the mean was one-tenth of the potential-
ly fatal concentration and was above the concentration at which decre-
ments in IQ and other cognitive entities have since been established.
The concentrations of lead in blood at which lead-abatement actions have
been recommended over the past several years is shown in Figure 1-2.
Cognitive effects of lead have been found in infants and children with
blood lead concentrations of 10 jtg/dL (ATSDR, 1988; Grant and Davis,
1989; Baghurst et al., 1992; BeUinger et al., 1992; Dietrich, 1992).
Other studies have reported effects of lead at 10-15 pg/dL on growth
rates, attained stature, birthweight, geslational age, auditory functioning,
attention span, blood pressure, and some of the general metabolic path-
ways (Schwartz et al., 1986; Dietrich et al., I987a,b, 1989; Schwartt
and Otto, 1987, 1991; Shukla et al., 1987, 1991; Bdlinger et al., 1988,
1991 a; Bornschein et al., 1989; Thomson et al., 1989).

Prevention of disease is preferable to treatment, particularly if treai-
menl is not certain to reverse damage. A wide variety of public agencies
and offices are trying to reduce exposures to lead. The greatest success-
es have been in reducing lead in gasoline and food, and the introduction
of new lead into paint and plumbing systems has been substantially
reduced. But relatively little has been done to reduce exposure to

NRC. 1972 CDC.1978 CDC, 1985 ERA, 1989
CDC, 1991

1-2 Children's blood lead concentrations at which lead-abatement
«ctwn has been recommended. Cross-hitch columns. Mood lead concentra-
tion thai if untreated is potentially fata) to young child (ISO «/dL). Black
column*, percentage of potentially fatal Mood lead concentration al which
intervention has been recommended.
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existing lead in paint and plumbing systems and the reservoir of lead-
contaminated soil and dust. For example, 42 million families live in
housing that contains an estimated 3 million tons of lead in paints in the
'immediate environment (ATSDR, 1988)—equivalent to about 140 Ib per
household. Ingestion of as little as 2.4 x 10'% of that household burden
each day (I50pg/day) would result in a steady-stale aggregate lead
concentration now considered toxic. Similarly, over 90% of U.S.
housing units have lead-soldered plumbing (Levin, 1986). Occupational
exposure at concentrations above those associated with reduced nerve
conduction velocity, increased blood pressure, reduced reserve capacity
for blood formation, and adverse reproductive effects is still common
and legally permissible.

Figures 1-3 and 1-4 show the decline in gasoline lead use and the
decline in food lead in the typical infant diet in the United Slates. The
reductions have been accompanied by a substantial reduction in the
average blood lead concentration of the population, as shown in Fig-
ure 1-3. However, children with high lead exposures lo such sources as
paint have not benefited proportionately, and the lack of substantial
progress in reducing the source of Iheir exposure constitutes a great
failure in exposure prevention. Reducing lead in drinking water should
be more easily accomplished by controlling corrosion. Apart from the
benefits derived from reduced lead exposure, the economic saving in
pipe and water-healer replacement would exceed the costs (Levin, 1986.
1987; Levin and Schock, 1991).

Once lead is mined and introduced into the environment, it persists.
Over lime, lead in various forms becomes available to the body as small
particles. Most of the 300 million metric tons of lead ever produced
(Figure I-5) remains in the environment, largely in soil and dust. That
explains, in part, why background concentrations of lead in modern
North Americans are higher by a factor of lO'-IO3 than they were in pre-
Columbian Americans. Today's production evolves into tomorrow's
background exposure, and despite reductions in the use of lead for
gasoline, overall lead production continues to grow and federal agencies
have not addressed the impact of future increases of lead in the environ-
ment.

Until very recently, lead poisoning had been perceived as a potentially
fatal illness associated with acutely high exposure to lead and manifested
as encephalopathy, acute abdominal colic, and acute kidney damage
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FIGURE 1-4 Average daily intakes of lead (based on PDA Total Diet
Study) in infants 0-6 months old. Source: Capar, 1991.

350

Years ago

FIGURE 1-5 Cumulative production of lead over historic time. Source:
Flegal and Smith, 1992. Reprinted with permission from Environmental
Research; copyright 1992. Academic Press.
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(Fanconi's syndrome). The association between chronic large exposure
and peripheral neuropathy and gout, mainly in lead workers, has also
been recognized. In the United States until about 1970, upper limits of
acceptable or normal blood lead concentrations were set just below the
concentrations associated with overt clinical illness (60 pg/dL in chil-
dren, 80 ugldL in adults), and "prevention" referred only to die preven-
tion of clinical symptomatic episodes of lead poisoning. In die late
1960s and early 1970s, however, the concept of preventing lead toxicity
became prevalent. In 1972, NRC published Lead: Airborne Lead in
Perspective, the first comprehensive document on the subject published
in the United States in almost 30 years. That report recommended a
"further search for possible subtle effects of prolonged, tow-level expo-
sure to lead," inasmuch as the information available at the time did not
"afford an adequate basis for the evaluation of this critical concern."

There has since been a great increase in both experimental and clinical
investigations, and they have led to the conclusion that chronic tow-level
lead exposure, insufficient to produce recognizable clinical symptoms of
loxicity, has adverse and probably long-lasting effects, particularly on
neurodevelopment. An II-year followup study has indicated that the
neurodevelopmental effects persist and can have profound consequences
for school achievement (Needleman et al., 1990). The neurodevelop-
mental studies have led to the identification of infants, children, and
pregnant women (as surrogates for fetuses) at greatest risk of lead
toxicity from low-level exposure. In this report, these are described as
die most sensitive populations. The EPA Science Advisory Board and
die Centers for Disease Control and Prevention concluded dtat published
data clearly indicate dial the upper limit of acceptable blood lead concen-
tration is 10 pg/dL. This reduced acceptable blood concentration neces-
sitates substantial improvement in analytic methods for measuring lead,
as well as development of newer methods for measuring very low blood
lead concentrations. Those measurement issues are die focus of this
report.

IKHtKAl

Lead was known and widely used by ancient civilizations. A lead
statue displayed in the British Museum, discovered in Turkey, dates

)
INIMIM

from 6500 DC (Hunter, 1978). Lead has been mined, smelted, and used
in cosmetics, internal and topical medicinal preparations, paint pigments,
and glazes since early in recorded history (Nriagu, 1983a). In ancient
times, the uses of lead medicinally and as a food additive, sweetening
agent, and wine stabilizer were probably the principal means by which
humans became poisoned by lead. Food and beverage containers crafted
from lead compounds, such as pewter, were also likely exposure routes.
Since the Middle Ages, a particularly common means of exposure has
been the adulteration of wine hy lead (Stevenson, 1949; Wedeen, 1984).

if iHililic I feiitn inKwtt In I nail

Although it is probable that workers involved in the mining, smelting,
and working of lead in ancient times were poisoned, technical details to
support the assumption are not available. With the advent of the Indus-
trial Revolution, however, interest in hazardous occupational lead expo-
sures began to develop.

The clinical manifestations of lead poisoning were first described hy
Nikander, a Greek poet and physician, in the second century BC, who
wrote:

The harmful cerussa (white lead], thai most noxious thing
Which foams like the milk in the earliest spring.
With rough force it falls ami the pail beneath Tills
This fluid aslringes and causes grave ills. . . .
His feeble limbs droop and all motion is still.
His strength is now spent and unless one soon aids
The sick man descends to the Stygian shades.

(Nikander. cited by Major, I94S. p 312)

Physicians who came after Nikander also described the clinical mani-
festations of lead poisoning, but many failed to make a connection
between the symptoms and the causative agent. Even today, the clinical
diagnosis of lead poisoning from low doses is elusive (Harris and Elsea,
1967; Crosby, 1977; Wallace et al., 1985).

Today's interest in lead's impact on the health and occupational fields
can be said to dale from the 1839 publication of Tanquerel des Planches.
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in Paris, in which he described the clinical course of 1,207 persons with
lead colic and the types of work that exposed them to lead. More than
800 of the cases were in painters or workers involved in the manufacture
of white or red lead pigments.

Somewhat later, particularly during the industrialization of Europe,
reproductive failures and congenital lead poisoning were described by
Paul (I860). Workers recognized sterility, abortion, stillbirth, and
premature delivery as common, not only among female lead workers,
but also among the wives of men who worked in the lead trades (Oliver,
1911; Hamilton and Hardy, 1949; Lane, 1949). Indeed, those observa-
tions led a British Royal Commission in 1910 to recommend that women
be excluded from the lead trades, a recommendation that was enforced
in some countries by law (Lane, < 1949). In the United States, occupa-
tional-hygiene actions toward protection of women from lead in the
workplace have included the exclusion of women from lead exposure in
an early stage of pregnancy (29 CFR 1910.1025) and even an effort to
exclude all women of childbearing age. The U.S. Supreme Court has
recently ruled that women of childbearing age cannot be excluded from
workplaces with lead present.

Lead poisoning in children was first described by Gihson et at. in
1892 in Brisbane, Queensland, Australia. By 1904, Gihson, an ophthal-
mologist, had identified the source of lead and its probable route of entry
into children, using both observation and experiment. He wrote:

I ... advance a very strong plea for painted walls and railings as the
source of the lead, and for the biting of finger nails and sucking of fingers, as
in a majority of cases, the means of conveyance of lead lo the patient.

In Europe, at about the same time, the general health hazards of lead
in paint might have already been recognized. Awareness of the hazards
was reflected in advertising of the period: Figure 1-6' depicts an adver-

FlClWE 1-4 Advertisement for Aspinall's enamel, which appeared in the
Diamond Jubilee issue of the Illustrated London News. \ 897. Nole that it is not
made with lead, is not toxic, and represents 60 years of progress. The latter
probably refers lo the work of Tanquerel des Planches in Paris in the 1830s.
He published his famous treatise. 'Les Maladies de Plumhe" in 1839. Note that
Aspinall's enamel could be purchased in 1897 in Paris, London, and New Yotfc.
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tisement appearing in England in 1897 emphasizing the nonpoisonous
nature of the product, in contrast with toxic leaded paint.

Thomas and Blackfan in 1914 described the first American case of
lead-paint poisoning (in a 5-year-old hoy). They also offered the opinion
that children must in some way be peculiarly susceptible to lead. On the
occasion of the centennial of the Royal Children's Hospital in Brisbane
in 1978, Fison (1978) cited Gibson's work and noted that at around the
turn of the century physicians in southern Australia had been skeptical,
because the condition seemed to stop abruptly at the Queensland border,
and regarded the condition as a 'delusion held by their despised col-
leagues in the primitive northern state." However, in the warm humid
climate, paints weather quickly, and children would soon have their
hands coated with powdery leaded'material, which was inevitably carried
to their mouths and digestive tracts.

After the report of Thomas and Blackfan in 1914, sporadic case
reports appeared, and McKhann, in 1926, published a series of 17 cases
of lead poisoning in children. That was followed by a clank report of
lead poisoning due to the burning of battery casings in Baltimore homes
in 1931 and 1932 (Williams et al., 1933). More case studies began to
appear in the 1950s, as the condition became more widely known in
larger cities in the United States, including New York, Chicago, Phila-
delphia, Boston, Cincinnati, St. Louis, and Cleveland. By 1970, die
epidemiology of childhood lead poisoning was well established. Lin-Fu
(1982) has summarized the history of childhood lead poisoning in the
United Stales.

I).*.
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Although several cases of childhood lead poisoning in the United
States were reported in the first half of this century, little effort was
made to understand the extent of poisoning in children until the 1950s,
when caseworkers in a few large cities attempted to identify poisoned
children as part of their family nutrition work. Limited results were
obtained. In 1966, Chicago was the site of the first mass screening
program where many poisoned children were identified; it was followed
shortly by New York City and other large cities (Lin-Pu, 1980), where
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similar results were obtained. In 1971, the Surgeon General issued a
statement that emphasized the need to shift the focus from identifying
poisoned children to prevention.

The 1971 Lead-Based Paint Poisoning Prevention Act led to the
Categorical Grants Program to help communities carry out screening and
treatment programs. The act initiated a national effort to identify chil-
dren with high blood lead concentrations and to attempt abatement of
their environmental sources of lead. Funds appropriated under the act
were first administered by the Bureau of Community Environmental
Management of the Department of Health, Education, and Welfare and
later by the Centers for Disease Control and Prevention. Annual expen-
ditures under the act rose from $6.5 million in fiscal year 1972 to
$11.25 million in fiscal year 1980. The money supported up to 62
screening programs in 25 states (NCEMCH, 1989).

While CDC conducted the categorical program, criteria for identifying
lead toxicity underwent a number of changes. A confirmed blood lead
concentration of 40 /ig/dL had been used to "define" lead toxicity. The
1975 and the 1978 revisions of the earlier CDC guidelines (CDC, 1975,
1978) used 30 itg/dL or above and different definitions of high erythro-
cyte proloporphyrin (EP) concentrations to produce several risk catego-
ries. Over 2.7 million children were screened from July I, 1972, to
June 30, 1979; 183,452, or 7%, tested positive by the prevailing criteria.
In 1981, over 500,000 children were screened; in 18,000, the results
were "defined" as lead poisoning (CDC, 1982).

In 1981, the Maternal and Child Health Services Block Grant Act and
the Omnibus Budget Reconciliation Act transferred the national adminis-
trative responsibility for childhood lead-poisoning prevention programs
to the Division of Maternal and Child Health of the Bureau of Health
Care Delivery and Assistance. Under the provisions of the block grant
act, each state decides whether to use federal funds to support childhood
lead-poisoning prevention efforts (NCEMCH, 1989). In the transition
from the categorical to the block grant programs, the screening-data
reporting requirement was eliminated. Furthermore, federal policy from
the U.S. Office of Management and Budget discouraged continued
reports of screening from existing programs.

In early 1985, CDC reduced its criterion of childhood lead poisoning
(CDC, 1985). A blood lead concentration at or above 25 itg/dL in
tandem with an EP concentration of 35 jig/dL or above was now consid-
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ered evidence of potential lead toxicity. The 198S statement made clear
that adverse effects were recognized as occurring at blood lead concen-
trations below 25 pg/dL (so the chosen criteria represented the best
compromise between health protection and practical matters related to
limitations in screening methods at that time). The 1985 recommenda-
tions by CDC have now been re-evaluated, and an updated statement on
lead-poisoning prevention was recently issued (CDC, 1991), which
defines a lead concentration in whole blood of 10 /tg/dL or greater as the
action level, i.e., level of intervention.

The Lead Contamination Control Act of 1988 authorized, over 3
years, $20, $22, and $24 million per year for CDC to administer a
childhood lead-poisoning prevention program. The money was to be
given to state and local agencies to perform childhood lead screening for
medical and environmental followup and education about lead poisoning.
The act specifically stated that the money was not to supplant other
funding for childhood lead-poisoning prevention. Although no money
was appropriated for fiscal 1989, $4 million was appropriated for fiscal
1990. about $8 million for fiscal 1991, and $21.3 million for fiscal
1992. At present, national systematic collection of screening results does
not exist.

The most recent national projection data on lead in children are
available in the 1988 ATSDR report. The authors estimated that
250,000 children under the age of 6 had blood lead concentrations above
25 pg/dL in 1984. That estimate was based on data from NHANES II,
census data, and projected environmental quantities of lead (ATSDR,
1988).

Scmlltvc l^mulutk m

People are not all equally vulnerable to the effects of environmental
exposure to lead. That fact yields the idea of sensitive populations that
should be protected by monitoring programs from the adverse health
effects of lead exposure. The focus of this report is infants, children,
and pregnant women (as surrogates for fetuses). These populations are
the most sensitive to lead exposure and are defined by the committee as
the sensitive populations for this report. Some vulnerability is intrinsic,
such as the age-dependent vulnerability in developing organ systems, and
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some is extrinsic, such as that related to type or location of childhood
exposure.

The magnitude of external exposure to lead varies among populations
and influences both the severity of effects and the incidence of effects
within a defined population. Besides the sensitive populations described
in this report, other populations such as lead-industry workers may be at
increased risk of adverse health effects because of large exposures.
Nonetheless, the consideration of occupational exposures except where
it may affect these sensitive populations is beyond the scope of this
report. The time and magnitude of exposure may also influence the
nature of lead intoxication. In addition, the constellation of organ
systems affected can vary with age, with persistence of lead exposure,
and with nutritional status, all of which are summarized in this report.

AM) Cl^AM/AIION
«T in ccwHirirr

The text and organization of the committee's report constitute a direct
response to its charge, i.e., an assessment of appropriate, accurate, and
precise methods for determining lead exposure in sensitive populations.
The magnitude of human lead exposure deemed to be safe or without
health effects continues to he reduced, to reflect improved identification
of subtle toxic effects in sensitive populations. The committee consid-
ered measurement methods that could be useful in a world in which there
might be no apparent threshold for particular neurohehavioral and other
adverse health effects in vulnerable segments of the human population.
The committee has evaluated exposure-measurement methods in the light
of the existing broad range of population lead exposures.

This report has two main portions. One provides a summary of
loxicity, public-health concerns and scientific context that helps to define
the need for the committee's report. The second addresses the specifics
of the 'committee's charge and some closely linked issues.

The background portion of this report consists of three chapters: this
chapter has provided a perspective on key issues in the lead problem and
a brief history of lead exposure assessment in the United States. Chapter
2 provides a summary of the toxicity of lead in sensitive populations
Chapter 3 deals with the nature and scope of source-specific environmen-
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tal lead exposure in sensitive populations and the relative contributions
of specific sources to adverse health effects.

The second portion consists of Chapters 4-6. Chapter 4 deals with the
biologic basis of the markers of early effects of lead exposure. It sum-
marizes the markers of exposure, effect, and susceptibility and establish-
es the biologic basis for the methods evaluated in Chapter 5. Chapter 5
describes the current and developing methods that are most suitable fur
lead exposure monitoring at low concentration, i.e., current CDC guide-
lines—including their population monitoring advantages and disadvan-
tages. The methods are primarily those for use in internal (i.e., biolog-
ic) monitoring of lead exposure. They are described in relation to
sampling and transporting, instrumentation, quality assurance and quality
control, and statistical methods. The chapter describes the public-health
implications of monitoring sensitive populations for lead exposure at low
concentrations as recommended by CDC. Chapter 6 sets forth a com-
prehensive set of recommendations dealing with both the specifics and
the generalities of the committee's charge.

/inverse Health Effects
ef Exposure to Eead

Exposure to lead produces a variety of adverse health effects in sensitive
populations through its impact on different organs and systems. The
nature of the effects is a complex function of such factors as the magni-
tude of exposure, the physiologic and behavioral characteristics of the
exposed person, and the relative importance of the lead-injured organ or
system to overall health and well-being. The toxic effects of lead range
from recently revealed subtle, subclinical responses to overt serious in-
toxication. It is the array of chronic effects of low-dose exposure that is
of current public-health concern and that is the subject of this chapter.
Overt, clinical poisoning still occurs, however, and is also discussed
here. We have several reasons for emphasizing low-dose exposure. As
recently noted by Landrigan (1989), the subtle effects of lead are hona
fide impairments, not just inconsequential physiologic perturbations or
slight decreases in reserve capacity. And the effects are associated with
magnitudes of lead exposure that are encountered by a sizable fraction of
the population in developed countries and thus are potentially found in
very large numbers of people.

This chapter summarizes key points about the health effects of expo-
sure of sensitive populations to lead. It deals specifically with various
adverse effects of lead in sensitive populations (with emphasis on effects
of low-dose exposure), persistence of some important health effects,
molecular mechanisms of lead toxicily, and dose-effect relations. As
described below, clinical lead poisoning differs between children and
adults, in part because their organ systems are affected in different ways
and to different extents. In addition, some people are more vulnerable
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to lead toxicity and have increased sensitivity, because they suffer from
disease, lack proper nutrition, or lack adequate health care. These
factors influence exposure patterns and the biokinetics of lead absorption.

CIINICAI INIOXIC/tHON

Childhood lead poisoning involves injury in at least three organ
systems: the central nervous system (specifically, the brain), the kidney,
and the blood-forming organs. Other systems are also affected, but the
nature of their toxic injury has not been as well characterized.

Central N«rv<«i$ Srsl<»m I ll<«< Is

The nature of lead-associated overt central nervous system injury in
children differs with the degree of lead exposure. Blood lead concentra-
tions of about 100-150 jtg/dL are associated with a high probability of
fulminant lead encephalopathy. Before the widespread clinical use of
chelation therapy, lead encephalopathy carried a high rate of mortality,
about 65% (Foreman, 1963; NRC, 1972). The use of chelation therapy,
pioneered by Chisolm and co-workers (NRC, 1972), has reduced mortal-
ity to I or 2%, or even less, if the poisoning is recognized and dealt
with. The range of blood lead concentrations reported in association
with encephalopathy is quite large (NRC, 1972), owing to such factors
as individual differences in toxicokinetics and in liming of lead measure-
ment and treatment.

Children are much more sensitive than adults to the neuropathic
effects of lead. The central nervous system is principally involved in
children and the peripheral nervous system in adults (Chisolm and
Harrison, 1956; NRC, 1972; Chisolm and Barltrop, 1979; Piomelli et
al., 1984), and thresholds of blood lead concentration for neurofu notional
measures are lower in children. The common neuropathologic findings
in fatal childhood lead encephalopathy (Pentschew. 1965) are cerebral
edema, structural derangement in capillaries, neuronal necrosis, and
neuronal loss in isocortex and basal ganglia.

Many children who survive an episode of lead encephalopathy have
permanent neurologic sequelae, including retardation and severe behav-
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ioral disorders (Byers and Lord, 1943; Perlstein and Attala, 1966;
Rummo et al., 1979).

Kidney injury in childhood plumbism is most often seen in overt
poisoning and involves damage to the proximal tubule. In poisoning
with encephalopathy, Chisolm (1962, 1968) has found the presence of
the full, albeit transitory, Fanconi syndrome: glycosuria, aminoaciduriu,
hyperphosphaturia (with hypophosphatemia), and rickets. In overt
toxicity after a range of exposures, aminoaciduria is the most consistent
finding (Chisolm, 1962).

In chronic high-dose lead exposure, aminoaciduria appears to be the
most consistent nephropathic finding. In a group of children with blood
lead concentrations of 40-120 uglAL, Pueschel et al. (1972) found
aminoaciduria in those with blood lead of SO /tg/dL or more.

The role of childhood lead poisoning as a known contributor to early
adult chronic nephritis found in Australia (e.g., Henderson, 1954;
Emmerson, 1963) has not been identified in the United Stales (Topper,
1963; Chisolm et al., 1976).

I lcniul«>lf«lc If tail*

Anemia is common in severe chronic lead poisoning and is reported
to be associated with blood lead concentrations of 70 pg/dL and higher
(NRC, 1972; CDC, 1978; Chisolm and Barllrop, 1979). However,
reanalyses of the hematologic data of Landrigan et al. (1976) in children
by Schwaru et al. (1990) indicated that anemia as indexed by hemaiocrit
is present with blood lead concentrations below 70 pg/dL. Typically,
the anemia is mildly hypochromic and normocytic and arises from a
combination of reduced hemoglobin formation (resulting from either
impaired heme synthesis or globin chain formation) and reduction in
erythrocyte survival because of hemolysis (Waldron, 1966; Valentine and
Paglia, 1980).
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. The most extensive adult studies are of workers occupalionally ex-
posed to lead in battery recycling, lead smelting, alkyl lead manufactur-
ing, plumbing, and pipefitling. These studies are described in other
reports (EPA, 1986a; ATSDR, 1988) of lead exposure and are not the
focus of this report. This report examines principally the effects of lead
exposure in pregnant women as a sensitive population. Other adult
populations may be at increased risk of lead intoxication because of large
exposures, hut they are beyond the scope of this report. For this reason,
only a brief summary of effects in adults is presented below.

Central Norvom
ami «>llM«r lttwt\

Although lead poisoning after very large exposures in adults can
produce central nervous system injury, the exposure threshold is much
higher in adults than in children. BliXKl lead concentrations associated
with adult encephalopalhy are well above 120-150 pg/dL. The features
of adult lead encephalopathy, which can be as abrupt in onset in adults
as in children, have been described by Aub et al. (1926), Cantarow and
Trumper (1944), and Cumings (I9S9). They include dullness, irritabili-
ty, headaches, and hallucination, progressing to convulsions, paralysis,
and even death.

The more typical neuropathologic outcome of adult lead poisoning is
peripheral polyneuritis involving sensory or motor nerves. There is
often pronounced motor dysfunction, such as wrist drop and foot drop in
the more advanced cases (Feldman et al., 1977). Changes include
segmental demyelination and axonal degeneration (Fullerton, 1966),
often with concomitant endoneural edema of Schwann cells (Windebank
and Dyck, 1981).

IHAI III Illll l\ I I I \HMII

In the studies of Wedeen et al. (I975, 1979), renal dysfunction has been
established in U.S. lead workers, many of whom had no history of prior
lead poisoning.

Generally, the Fanconi syndrome of acute childhood poisoning is not
seen in adults with chronic lead poisoning. Proximal tubular injury from
lead in adults at early stages of nephropathy is difficult to detect in
workers, because of extensive renal reserve (Landrigan et al., 1982).
Hyperuricemia is frequent probably because of increased uric acid
production (Granick et al., 1978).

Lead has been clearly demonstrated to produce tubular nephroloxicily
in humans and rodents after acute or chronic exposure (Goyer and
Rhyne, I973; Wedeen et al., I986; Ritz et al., I988). Tubular protein
uria is a well-known manifestation of metal nephrotoxicily, but inconsis-
tently reported in lead nephroloxicily (Bonucci and Silvestrini, I989;
Goyer, 1989), perhaps because of the lack of sensitive and specific
protein assays (Bernard and Decker, I988). With the advent of two-
dimensional gel electrophoresis (O'Farrell, I975) and highly sensitive
silver .staining methods (Merril el al., 1981), it should he possible to
separate various nonreabsorhed proteins from the urinary filtrate into
lead-specific patterns at an early stage of tubular injury or monitor the
low-molecular-weight proteins, such as retinol-binding protein, which is
stable at the pH of normal urine (Bernard and Becker, I988).

I NIN It

Lead workers often show evidence of both marked impairment of
heme biosynthesis and increased erythrocyte destruction (HPA, I986a).
Characteristic biochemical and functional indexes of those impairments
include increased urinary delta-aminolevulinic acid and erythrocyte zinc
protoporphyrin, increased cell fragility, and decreased osmotic resis-
tance, which combine to produce anemia (Baker et al., I979).

Occupational chronic lead nephropalhy, the most important category
of lead-associated kidney injury in adult populations, has been heavily
studied for many years in Europe, but not as well in the United States.

: IIVI
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Reproductive toxicity resulting from the high-dose lead exposure is
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well established (Rom, 1976). Much of the early literature focused on
an increased incidence of spontaneous abortion and stillbirth associated
with lead exposure in the workplace (Paul, 1860; Legge, 1901; Oliver,
1911; Lane, 1949). In addition, lead was used as an abortifacient in
England (Hall and Cantab, 1905). These outcomes, which are far less
common today, presumably involve some combination of gametotoxic,
embryotoxic, fetotoxic, and teratogenic effects and define the upper end
of the spectrum of reproductive toxicity in humans. Since these earlier
reports, industrial exposure of women of childbearing age was restricted
by improved industrial hygiene practices, but a recent U.S. Supreme
Court decision ruled exclusion illegal. The decision was based on the
premise of equal access to the workplace, not on insufficiency of evi-
dence of toxic harm.

Epidemiologic studies of exposed women have reported reproductive
effects of lead exposure in both nonoccupational groups (Fahim et al.,
1976; Nordstrom et al., 1978a,b) and occupational groups (Panova,
1972). Deficiencies in the design of the studies prevent definitive
conclusions, but the studies have helped to direct attention to a potential
problem.

Very early preimplantation loss can easily go undetected and might be
occurring after moderate-dose and perhaps even low-dose exposure.
With the advent of human chorionic gonadotropin assays, it is now
possible to detect the onset of pregnancy and early fetal loss during the
first 1-2 weeks of pregnancy. Savitz et al. (1989) used data from the
National Natality and Fetal Mortality Survey, a probability sample of
live births and fetal deaths to married women in 1980, to show thai
maternal employment in the lead industry was a risk factor for negative
pregnancy outcomes, including stillbirth (OR = 1.6) and preterm birth
(OR = 2.3). No systematic study has been conducted of the effects of
increased lead stores on early fetal loss in women who may have in-
curred substantial lead exposures during their childhood or during a prior
period of employment in a lead-related trade. Such studies are warrant-
ed, given the known reproductive toxicity of large exposure to lead.

Several prospective studies have examined the issue of lead's involve-
ment in spontaneous abortion, stillbirth, preterm delivery, and low
birthweight. Women in the studies in Boston (Bellinger et al., I99lb),
Cleveland (Ernhart et al., 1986), Cincinnati (Bornschein et al., 1989),

and Port Pirie (McMichael et al., 1986; Baghurst et al., I987a) had
average blood lead concentrations during pregnancy of S-IO pg/dL;
almost all had blood lead concentrations less than 25 pg/dL. The Glas-
gow (Moore et al., 1982) and Tilova Mitrovica (Graziano et al., 1989;
Murphy et al., 1990) cohorts had average blood lead concentrations of
about 20 pg/dL. None of those studies reported an association between
maternal blood lead concentrations and spontaneous abortion or stillbirth.
However, the Cincinnati and Port Pirie studies found a lead-related
decrease in duration of pregnancy, and the Glasgow, Cincinnati, and
Boston studies reported a lead-related decrease in birthweight. The
Boston study found an increased risk of intrauterine growth retardation,
low birthweight, and small-for-gestational-age deliveries at cord blood
lead concentrations of 15 jig/dL or more. The Port Pirie study round
that the relative risk of prelerm delivery increased 2.8-fold for every 10-
jig/dL increase in maternal blood lead. In the Cincinnati study, gesta-
tional age was reduced about 0.6 weeks for each natural log unit increase
in blood lead, or about 1.8 weeks over the entire range of observed
blood concentrations. Even after adjustment for the reduced length of
pregnancy, the Cincinnati study found reduced infant birthweight (by
about 300 g) and birthlength (by about 2.5 cm), and the Port Pirie group
reported reduced head circumference (by about 0.3 cm) (Baghurst et al ,
I987b). Findings from some of the prospective studies have been
extensively reviewed (Davis and Svendsgaard, 1987; Ernhart et al.,
1989; Grant and Davis, 1989). However, some striking inconsistencies,
yet to be explained, characterize the data on the relationship between
prenatal lead exposure and fetal growth and maturation. For instance, in
the large cohort (N = 907) of women residing in Kosovo (Factor-Liivak
el al., 1991), no associations were seen between midpregnancy blood
lead concentrations (ranging up to approximately 55 /tg/dL) and either
infant birthweight or length of gestation.

Several studies have also looked for evidence of teratogenicity (Need-
leman et al., 1984; Ernhart et al., 1986; McMichael el al., 1986).
Needleman el al. (1984), in a retrospective sludy of the association
between cord blood lead and major or minor malformations in a cohort
of 4,354 infants, found a significant increase in the number of minor
anomalies observed per child, but no malformation was found to be
associated with lead. Unexpectedly, several other factors, such as pre-
mature labor and neonatal respiratory distress, were found to be reduced
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with increased Mood lead. Both Ernhart et al. (1986) and McMichael et
al. (1986) tried but failed to replicate these findings; however, these
studies lacked the power to detect the small effects reported by Needle-
man et al. (1984). The Needleman et al. study is important because the
minor anomalies in question might reflect general fetal stress and predict
developmental disorders (Marden et al., 1964).

Evidence is accumulating that relatively small increases in maternal
blood lead during pregnancy can be associated with delayed or retarded
growth. Shukla el al. (1987) reported that 260 infants from the Cincin-
nati prospective lead study experienced retardation in covariate-adjusted
growth. More specifically, they found that infants born to women with
lead concentrations greater than 8 /tg/dL during pregnancy grew at a
lower than expected rate if increased lead exposure continued during the
first IS months of life. Conversely, if postnatal lead exposure was
small, the infants grew at a higher than expected rate; that suggests a
catchup in growth after fetal growth suppression. No lead-related
growth effects were observed in infants born to women with blood lead
concentrations less than 8 pg/dL. In a later analysis of stature at 33
months of age, Shukla et al. (1991) reported that sustained increases in
lead exposure above 20 pg/dL througruHit the first 33 months of life are
associated with reduced stature. However, prenatal exposure was no
longer related to stature at 33 months of age. The reported indication of
fetal toxicily is consistent with other previously discussed markers of
lead-related fetal toxicity. It is also consistent with cross-sectional
studies of lead's relation with physical size.

Several points emerge from a review of those studies, apart from a
lead-related retardation of growth itself. First, the specific manifesta-
tions of the fetal insult vary among cohorts and might reflect lead's
interaction with such cofactors as adequacy of prenatal care, maternal
age, ethnicity, and nutritional status. Second, the blood lead concentra-
tions associated with adverse fetal development are low (10-15 jtg/dLor
even lower) and comparable with those found in a substantial fraction of
women of childbearing age (ATSDR, 1988). The validity of the report-
ed association between fetal lead exposure and markers of adverse fetal
development is strengthened by the observed negative association be-
tween maternal or fetal blood lead concentrations and early physical
growth and cognitive development (Bellinger et al., 1987; Dietrich et al.,
1987a,b; Vimpani et al., 1989). Thus, the birth-outcome measures.
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early physical-growth measures, and early measures of infant develop-
ment can be viewed as potentially reflecting the fetal toxicity of lead.

Gametotoxicity of lead bus been studied primarily in male lead work-
ers. Lancranjan et al. (1975) noted lead-associated disturbances of
reproductive competence in lead workers; blood lead concentrations of
about 40 /ig/dL were associated with asthenospermia and hypospermia,
and higher concentrations with teratospermia. Erectile dysfunction was
observed in the lead workers, but did not seem dose-dependent. Zielhuis
and Wibowo (1976) criticized the design and results of that study, noting
potential underestimation of blood lead concentrations.

Wildt et al. (1983) noted that lead-battery workers with blood lead
concentrations over 50 ;ig/dL showed prostalic and seminal vesicular
dysfunction compared with controls. However, their study had a number
of methodologic problems concerning the measures of dysfunction and
e»posure monitoring (ERA, I986a).

More recently, Assennato and co-workers (1986) reported sperm
count suppression in lead-battery workers in the absence of endocrine
dysfunction. Rodamilans et al. (1988) found that duration of lead expo-
sure of smelter workers was variably associated with endocrine tesliculur
function: workers who had been employed for more than 3 years had
decreases in serum testosterone, steroid-binding globulin, and tree-
testosterone index. In both studies, the mean blood lead concentrations
were over 60 pg/dL.

We have already noted longitudinal studies of lead's effects on growth
and development in young children. Cross-sectional data are also
jva:!;:Me from a large population survey. Schwartz et al. (1986) report-
ed that postnatal exposure of U.S. children affects later growth, accord-
ing to analysis of the large NHANES II data set with respect to height,
weight, and chest circumference as a function of blood lead concentra-
tion. The three growth milestones in children under 7 years old were
significantly and inversely associated with blood lead concentration:
height, p < 0.0001; weight, p < 0.001; and chest circumference.
P < 0.026. The association was present over the blood lead concentra-
tion range of 5-35 pg/dL. These results are consistent with those of
Frisancho and Ryan (1991), who found an inverse association between
Mood lead level and stature in a cohort of 1.454 5-12 year old children
in the Hispanic HANES data set, and (hose of Lauwers and co-workers
(1986) in Belgium, who noted statistically significant and inverse associa-



Ml All AIM IIAI> IN tltatlllVI IT«11AIHM

tions among growth indexes and blood lead concentration in children up
to the age of 8 years. Nonquantitatively, reduced stature has been seen
in children chronically exposed to lead (Johnson and Tenuta, 1979).

Angle and Kuntzelman (1989) in a retrospective pilot study examined
30 children with increased blood lead concentrations (over 30 jig/dL) and
erythrocyte protoporphyrin relative to those in a control group. Growth
velocity, higher in the high-lead group before 24 months of age, reverted
to a net retardation after this age, compared with values in controls. In
a longitudinal followup study (Markowitz and Rosen, 1990), lead-poi-
soned children showed reduced growth velocity, compared with that in
age-matched control subjects. Furthermore, impaired growth velocities
in the lead-poisoned children did not change substantially from baseline
after chelation therapy.

The data on children suggest that endocrinologic disturbances can
occur at sensitive points in anthropometric development. Endocrine dys-
function in lead workers with relatively high lead exposure is known
(Sandstead et al., 1970; Robins et al., 1983).

Huseman and co-workers (1987) found that height in two lead-poi-
soned children dropped to below the tenth percentile during intoxication;
both subjects demonstrated depressed thyroid-stimulating hormone (TSH)
responses to thyrotropin-releasing hormone (TRH), and one showed de-
pression in resting TSH concentrations.

Coonltivft ami Other NRuroltchiivicral rifi*l«

Information about the effects of low-level exposure to lead has been
obtained principally from two types of epidemiologic studies. One is the
cross-sectional or retrospective cohort study, in which children's lead
exposure and development are assessed at the same time or in which past
lead exposure is estimated. The second type is the prospective longitudi-
nal study, in which children's exposure and development are assessed on
multiple occasions. Each type of study has strengths and weaknesses.
For clarity, the findings from each type are discussed separately.

The findings pertaining to the association between indices of prenatal
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lead exposure and early development are mixed. In some cohorts, pre-
natal exposures corresponding to maternal or cord blood lead concen-
trations of 10-20 pglilL were associated with early developmental delays.
In the Boston cohort, infants with cord blood lead concentrations be-
tween 10 and 25 jtg/dL manifested a performance deficit of 4-8 points
between 6 and 24 months of age, relative to infants with cord blood lead
concentrations below 3 pg/dL (Bellinger et al., I984a; 1986a,b; 1987).
In the Cincinnati cohort, developmental scores at 3 and 6 months of age
declined by 6-7 points for each increase of 10 jtg/dL in prenatal lead
concentrations in the range of 1-27 pg/dL (Dietrich et al., I987a,b); in
addition, 12-month Mental Development Index (MDI) scores were
inversely related to infants' blood lead concentrations at 10 days of age.
In the Cleveland cohort, increased cord blood lead concentrations were
significantly associated with increased numbers of neurologic signs, and
increased maternal blood lead concentrations with lower scores on the
Bayley Scales and the Kent Infant Development Scale at age 6 months
(Ernhartetal., 1986, 1987).

Quite different results were reported from the Australian studies. In
the Port Pirie study, developmental assessments were first administered
at 2 years of age, at which time MDI scores from the Bayley Scales
were not associated with average antenatal, maternal, or cord blood lead
concentrations (Baghurst et al.. 1987b; Wigg et al., 1988). In the
Sydney cohort, neither maternal nor cord blood lead concentration was
inversely related to any index of children's development at 6, 12, 24, 36,
or 48 months (Cooney et al., I989a,b). In fact, cord blood lead concen-
tration was positively associated with infants' motor development even
after adjustment for covariates. Exposure misclassification is a potential
problem in this study. At 12, IS, and 24 months of age, half the chil-
dren provided capillary (fingerstick) blood samples, and the other half
venous blood samples. Given the potential difficulties associated with
capillary samples, the mixing of sampling methods at several ages
complicates the effort to establish the relative exposures of the children
in the cohort. For example, the Sydney group found that at age 3 the
average lead concentration in capillary samples was 30% greater than
that in venous samples. Mahaffey et al. (1979) noted a similar positive
bias of 20% for capillary versus venous samples in the NHANES II data.
Although the impact of those differences on exposure assessment in the
Sydney cohort is uncertain, the investigators' concern over contamination
of the early capillary samples prompted the recruitment of an additional
123 children.
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The association between prenatal or perinatal exposure and indexes of
overall development was apparent beyond the first year in the Boston
cohort (Bellinger et al., 1987) and to a limited extent in the Cincinnati
cohort (Dietrich et al., 1989), hut not in the Cleveland cohort (Ernhart
et al., 1987). In the Boston study, the association between prenatal
exposure and children's performance attenuated after 2 years of age.
However, children who had high prenatal exposure and high exposure at
age 57 months (blood lead concentration greater than 10 pg/dL) "recov-
ered" to a smaller extent than did children with high prenatal exposures
but lower exposures al age 57 months (Bellinger et al., 1991 a). In the
Cincinnati cohort, neonatal Mood lead concentration (measured at 10
days of age) was inversely associated with performance at age 4 years on
all subscales of the Kaufman Assessment Battery for Children (K-ABC).
but only among the more disadvantaged children (Dietrich et al., 1991).
This association was not evident at 5 years of age on the K-ABC (Diet-
rich et al., 1992) or at 6.5 years on the Wechsler Intelligence Scale for
Children-Revised (Dietrich el al., I993a). Neonatal Mood lead levels
were, however, inversely associated with fine motor performance on the
Bruininks-Oseretsky Test of Motor Proficiency (Dietrich et al., I993b).

Several factors could account for the inconsistencies in findings across
studies. 'First, infants might generally he able to compensate for early
adversities associated with lead exposure. Second, the adverse impact of
the substantial postnatal rise in the exposures of the children in most
cohorts might have obscured a persisting effect of prenatal exposure on
development. In the Port Pirie study, the absence of an association
between antenatal or cord blood lead concentrations and 2-year Bayley
scores could reflect the attenuation of an association that would have
been detected if assessments had been carried out before age 2. Third,
the impact of competing risks for poor development among disadvan-
taged infants might have overwhelmed a persisting but small effect of
prenatal lead exposure. Fourth, the expression of lead insult might be
modified over time by the child's social environment. Although an
association between prenatal exposure and indexes of overall develop-
ment might not persist, associations could emerge with respect to more
specific aspects of development. For instance, in the Cincinnati cohort,
the association between prenatal exposure (maternal hUxxl lead concen-
tration during pregnancy) and performance on the Bayley Scales attenuat-
ed by the time the children were 2 years old. but an inverse association

was found between prenatal exposure and children's scores on the
Fluharty Speech and Language Screening Test (Dietrich, 1991) al age 30
months. Fifth, the loss in power resulting from cohort attrition might
have reduced the probability that a persisting association would be
detected.

The latter hypothesis is contradicted, however, by a pattern of increas-
ing consistency in data from the various studies supporting an inverse
association between blood lead levels measured in the postnatal period
and cognitive function in the late preschool and school-age period. In
the Boston cohort, blood lead concentration across a range of 3-20 jtg/dl.
al age 2 years was associated with a decrease of approximately 6 points
in children's General Cognitive Index (GCI) scores on the McCarthy
Scales at age 57 months (Bellinger et al., 199la). The coefficients
associated wilh other postnatal blood lead measurements as well as with
dentin concentrations were also negative but not statistically significant.
The inverse association between cognition and blood lead was still
apparent at age 10 years. Children's IQ scores on the Wechsler Intelli-
gence Scale for Children-Revised declined approximately 6 points lor
each rise of 10 /Jg/dL in blood lead level at age 2 years, while scores on
the Kaufman Test or Educational Achievement declined approximately 9
points (Bellinger et al., 1992). In this cohort, the mean blood lead level
at age 2 years was less than 7 /jg/JL, with 90% of the values below 14
fig/dL. In the Port Pirie cohort, an increase from 10 to 31 /ig/dL in a
cumulative index of postnatal blood leud concentrations (particularly
concentrations up to age 4 years) was associated with a decrease of
approximately 7 points in GCI scores at age 4 years (McMichael et al..
1988) and a decrease of 4-5 points in WISC-R IQ scores at age 7 years
(Baghurst et al., 1992). In the data for both studies, no threshold is
discernable for the association between increased blood lead level and
decreased performance. Moreover, in both studies, children's scores on
the Perceptual-Performance suhscale of the McCarthy Scales (and the
Memory Scale as well in ihe Port Pirie study) and WISC-R Verbal IQ
were most strongly associated with postnatal lead exposure. In the
Cincinnati cohort, later postnatal blood lead concentrations, as well as
indexes of lifetime blood lead, were weakly associated wilh children's
scores at 4 and 5 years of age on the Simultaneous Processing subscale
of Ihe K-ABC, which, like the Perceptual-Performance siihscale of the
McCarthy Scales, assesses primarily visual-spatial and visual-motor skills
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(Dietrich et al., 1991, 1992). Some of these associations were not
statistically significant after "full" covariate adjustment, however. Right
ear auditory processing skills at age 5 years, assessed by the Filtered
Word subtesl of the Screening Test for Auditory Processing Disorders,
were significantly associated with postnatal blood lead concentrations as
well (Dietrich et al., 1992). Scores on the Auditory Figure-Ground
subtest were not associated with lead exposure. Assessments of this
cohort at age 6 indicated that high postnatal blood lead levels (especially
those measured around ages 4 and 5 years) were significantly associated
with lower scores on W1SC-R IQ (Performance IQ only) (Dietrich el al.,
1993a), and various indices of both gross-motor and fine-motor function
(Dietrich et al., I993b).

Preliminary findings from the Yugoslavian prospective study indicate
a significant inverse association between blood lead concentration at 2
years of age and concurrent MDI scores, corresponding to a decrease of
2.9 points as blood lead increased from 10 to 30 pg/dL (Wasserman et
al., 1991).

The Cleveland study has provided little evidence that postnatal lead
exposure is associated with children's development (Ernhart et al.,
1989). A significant inverse association between blood lead concentra-
tion at age 2 years and IQ scores at age 4 was found, however, if four
children identified as influential by regression diagnostics were excluded.
The investigators discounted this finding on statistical grounds, however.
In the Sydney study, a composite exposure index consisting of blood lead
concentrations measured during the first year of life was weakly associat-
ed (p = 0.07) with children's adjusted GCI scores on the McCarthy
Scales. It appears, however, that the association was positive, rather
than negative; i.e., children with greater exposures achieved higher
scores (Cooney et al., I989a,b).

Inconsistencies in the data preclude drawing inferences about modifi-
ers of any association between lead and development. Among children
6 months old and 4 years old in the Cincinnati cohort and children IS
and 24 months old in the Boston cohort, the inverse association between
neonatal blood lead concentration and MDI scores was stronger among
children below the median social class (Dietrich et al., 1987a,b, 1991;
Bellinger et al., 1988). Such interactions have not been observed in all
studies, however, or even at other ages within the Boston and Cincinnati
cohorts. In addition, the performance of 6-month-old boys in the Cin-
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cinnati cohort was more strongly associated with blood lead concentra-
tion than was the performance of 6-month-old girls. To judge by esti-
mates of performance change between 24 and 57 months of age in the
Boston cohort, boys recovered more slowly than girls from the adverse
effects of higher prenatal exposure. That is consistent with substantial
evidence that a wide range of developmental neuropsychiatric disorders
are more prevalent among boys than girls (Gualtieri, 1987). In the Port
Pirie cohort, however, at ages 2, 4, and 7 years, the performance
decrement of girls has consistently been found to be greater than that of
boys (MeMichael el al., 1992; Baghurst et al., 1992).

It is clear that there are points of both agreement and disagreement in
the findings of the prospective studies. A variety of methodologic and
substantive explanations can be posited and, at this juncture, it is not yet
clear which are correct. In terms of methodologic factors, false positive
findings (Type I errors) due to multiple comparisons or to incomplete
adjustment for confounding could be responsible for the associations
observed in some studies between lead exposure and cognitive develop-
ment. False negative findings (Type II errors) due to factors such as
statistical "over-control" or exposure misclassitlcation may be responsi-
ble for the lack of associations reported in some studies.

In terms of substantive explanations, it is possible that the strength of
the association, or the likelihood of detecting an association, depends on
population characteristics that are not comparable in the various cohorts
(e.g., socioeconomic status, medical risk status, lead exposure profiles).
One would not necessarily expect all studies to produce the same results,
and, indeed, they have not (Mushak, in press). When findings differ,
however, the information yield is likely to be the greatest. Each study
is likely to contribute only part of the answer to the general question,
'Under what exposure conditions do different populations of children
manifest a lead-associated impact on growth and development?" It is
clear that the complete answer to this question is unlikely to be simply
'all" or "none."

In summary, there is relatively little consistency across the set of
prospective studies in terms of the association between indices of prena-
tal lead exposure and later cognitive function. In contrast, as the length
of follow-up has increased to include assessments at school-age, striking
consistencies are emerging, with all 3 studies (Boston. Cincinnati, Port
Pirie) reporting significant inverse associations between blood lead levels
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measured in the first few postnatal years and intellectual performance ai
ages 6 to 10 years.

Table 2-1 summarizes the Findings from prospective studies to date
with respect to reproductive outcome and early cognitive development.
An additional prospective study is being conducted in Mexico City
(Rothenherg et al., 1989) hut follow-up data at ages older than 30 days
have not yet been published.
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Most of the recent cross-sectional studies of lead and children's cog-
nition have been reviewed by Grant and Davis (1989). Here, an effort
is made to identify major themes, including issues on which the data are
inconsistent. For reference, basic features of the major studies are listed
in Table 2-2.

Because each study has included a global assessment of children's
intelligence, this outcome provides the strongest basis for interstudy
comparison. To assess the degree to which the results of various studies
support a common dose-response relationship between lead exposure and
IQ, the mean IQ scores of children in different exposure groups from the
various studies are plotted together in Figures 2-1 and 2-2. For studies
that report a partial regression coefficient as the measure of association,
the best fit line is presented if the authors also provide the intercept or
if it can be discerned from a figure in the original report. Information
from such studies can contribute to the effort to identify a lowest-ob-
served-effect concentration, if adequate steps are taken to assess the
underlying assumption that the lead-IQ association is linear over the
range of exposures represented in a cohort. Integrating the findings
from separate studies would be facilitated if, in reporting the association
between lead and IQ (or any other outcome), investigators provided
quantitative measures of effect size, such as regression coefficients and
standard errors or adjusted means and standard errors, rather than simply
p values, correlations, or percentages of variance (or incremental vari-
ance) attributable to lead. Because of differences in the measurement
and interpretation of blood lead and tooth lead, the results of studies
relying on these exposure indexes are plotted separately. The nature and
extent of adjustment for confounding varies considerably from study to
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Study Site:
Key References No.'

Port Pine: 723

Baghurst et at..
I987a,b

Baghurst et al..
1992

Wiggetal..
1988

McMichael et
al.. 1988

Vimpani et al..
1989

Cincinnati: 305

Dieinch et al.,
1987a,b;
1989; 1990;
1991; 1992;
1993a,b

Cincinnati
(cont.)

Dietrich, 1991;
1992

Shuklaet al..
1989; 1991

Blood Lead Assessment

Maternal
(prenatal): x * 9.3 pg/dL
Cord: 8.3
6 mo: 14.5
15 mo: 20.9
24 mo: 21.3
36 mo: 19.5
48 mo: 16.4
Integrated
postnatal
average to
age 4 19. 1
Mean lifetime to
age 71 9.1

Maternal (prenatal):
x - 8.0,
SD - 3.7

Cord: x = 6.3,
SD = 45

Neonatal (10 day):
X 4.6,
SD = 2.8

3 mo: x -5.9,
SD - 3.4

Maximum first yr:
x =15.9,
SD = 8.2

Maximum second yr:
x - 21.1,
SD = 11.4

24 mo: x - 17.5,
SD - 9.2

Mean of 3rd yr:
16.3, SD = 7.8

Mean of 4th yr:
14.1. SD = 7.3

Mean of 5th yr:
11.9, SD = 6.4

Outcome (
Assessment' Major Findings

24 mo: BSID 1 . Increased risk of pretenn delivery.
48 mo: MSCA 2. Reduced head circumference at birth.
7 yr: WISC-R 3. Indexes of prenatal exposure not

related to MDI scores at age 2 yr.
4. Mental Development Index at 24 mo
weakly associated with blood lead
concentration at 6 mo of age.
5. General Cognitive Index scores at age
48 mo- inversely related to integrated
avenge of postnatal blood lead
concentrations.
6. IQ at 7 yean inversely related to
integrated average of postnatal blood lead
concentrations.

3 mo: BSID 1 . Low birthweight and reduced duration
6 mo: BSID of gestation.
12 mo: BSID 2. Mental Development Index scores at 3
24 mo: BSID and 6 mo inversely related to prenatal and
39 mo: FSLST postnatal blood lead concentrations.
48 mo: K-ABC

60 mo: K-ABC 3. Menul Development Index at 12 mo/
SCAN inversely associated (indirectly, via birth- V

78 mo: weight) with prenatal blood lead concentra-
WISC-R tion.

72 mo: 4. Mental Development Index at 24 mo
BOTMP positively associated with prenatal blood

lead concentration.
5. Mental Development Index scores at
3. 6, 12. and 24 mo not associated with
postnatal blood lead concentrations.
6. Retarded growth in stature.
7. FSLST scores at 39 mo inversely
related to prenatal blood lead concentration.
8. K-ABC scores at age 4 yr inversely
related only to neonatal (10-day) blood lead
concentration (poorest children only).
9. Poorer central auditory processing
abilities associated with higher postnatal
blood lead concentrations.
10. K-ABC scores at age 5 yr (simul-
taneous processing) inversely associated
significantly only with mean blood lead
concentration in fourth year of life.
1 1 WISC-R performance IQ and BOTMP
scores inversely associated with postnatal
lead exposure. 4



Study Site:
Key References No.'

Cleveland: 359

Emhart et al..
1986; 1987;
1989

Emhart and
Morrow-
Tlucak, 1987

Morrow-Tlucak
and Emhart,
1987

Emhart and
Greene. 1990

Greene and
Ernhart. 1991

Sydney: 318

Cooney et al..
I989a.b

Blood Lead Assessment

Maternal (prenatal):
x = 6.5 ng/dL
SD = 1.9

Cord: ii =5.8
6 mo: x = 10.1,

SD = 3.3
2 yr: x = 16.7,

SD = 6.5
3 yr: x = 16,7.

SD - 5.9
SD = 2.0

Maternal (delivery):
x = 9.1, 1.3*

Cord: x - 8.1. 1.4
6 mo: x = 15.0, 1.6
12 mo: x = 15.4. 1.5
18 mo: x =16.4, 1.5
24 mo: x =15.2, 1.3
30 mo: x =12.8, 1.8

Outcome
Assessment*

Neonatal:
NBAS

Neonatal:
GRBE

6 mo: BSID
6 mo: KID
12 mo: BSID,

SICD
24 mo: BSID,

SICD
3 yr: SB, SICD
4-IOyr:

WPSSI

6 mo: BSID
12 mo: BSID
24 mo: BSID
36 mo: MSCA
48 mo: MSCA

1
Major Findings

1 . Neurologic soft signs score on GRBE
associated with cord-blood lead concentra-
tion.
2. Mental Development Index, Psycho-
motor Development Index, and KID scores
at 6 mo inversely related to maternal blood
lead concentration during pregnancy.
3. No other associations between either
prenatal or postnatal blood lead concentra-
tions and scores or growth indexes.

No association between children's scores
and any index of lead exposure.

Sydney (cunt.)

Kosovo,
Yugoslavia:

Graziano et al.,
1990

Wasserman et
al., 1992

36 mo: * - 12.0. 1.5
42 mo: X -10.7, 1.5
48 mo: x -10.1. 1.4
Multiplicative (acton

541 Maternal

NOTES: 'Numbers of children recruited into cohort,
and patterns of missing data.

''BSID: Bayley Scales of Infant Development
MSCA: McCarthy Scales of Children's Abilities
NBAS: Neonatal Behavior Assessment Scale
GRBE: Gram-Rosenblith Behavioral Examination
KID: Kent Infant Development Scale
SB: Stanford-Binet Intelligence Scale
WPSSI: Wechsler Preschool and Primary Scales of

Intelligence
FSLST: Fluarty Speech and Language Screening Test

Numbers included in specific analyses vary with cohort attntion

K-ABC: Kaufman Assessment Battery for Children
SCAN: Screening Test for Auditory Processing

Disorders
SICD: Sequenced Inventory of Communication

Development
WISC-R: Wechsler Intelligence Scale for Children-

Revised
K-TEA: Kaufman Test of Educational Achievement
BOTMP: Bruminks-Oseretsky Test of Motor

Proficiency



TABLE 2-2 Major Cross-Sectional Studies of Low-Dose Exposure

Study
Exposure

No. Index
IQ Age at
Measurement Assessment Potential Confounders Considered

Needlemanet 158 Tooth lead WISC-R 7.4 yr
al.,1979

Winneke et 52 Tooth lead German WISC 8.5 yr
al.,1982

Winneke etal.. 115 Tooth lead German WISC 9.4 yr
1983

Smith etal., 1983; 402 Tooth lead WISC-R 6 yr
Pocock et al.,
1987

Fergusson et al.. 724 Tooth lead WISC-R 8 yr
1988

Mother's age at child's birth, maternal
education, father's social class, number
of pregnancies, parental IQ

Exposure groups matched for age, sex,
father's occupational status

Age,sex, duration of labor, socio-hereditary
background (composite of school type and
occupational status of parents)

Maternal IQ, quality of marital relationship,
family characteristics, parental interest,
family size, social class, birthweight,
length of hospital stay after birth, sex

Maternal education, paternal education,
birthweight sex, standard of living,
maternal emotional responsiveness,
maternal avoidance of punishment,
number of weatherboard homes resided in

Hansen et al. . 162 Tooth lead WISC-R
I989».b

Bergomi etal., 237 Tooth lead WISC-R
1989

Yule etal.. 1981 166 Blood lead WISC-R
Lansdownet al.. 194 Blood lead WISC-R

1986
Fulton et al., 1987 501 Blood lead BAS

Hawk etal., 1986 75 Blood lead SBIT-R

Silvaet al., 1988 579 Blood lead WISC-R

First grade Number of sibship (birth order), maternal
education, maternal age. whether child ,
came home from hospital after mother, (
jaundice, father's socioeconomic status

7.7 yr Age. SES, sex

6-12 yr Age, social class
x = 9.I yr Age, social class

6-9 yr Parents' vocabulary and matrices scores,
child's interest score, age father's
education, length of gestation, parental
involvement in school, class year, days
absent from school, height, car and
telephone ownership, whether father is
unemployed, sex

3-7 yr Maternal IQ, H.O.M.E. (measure of home
rearing environment), gender

11 y None (no multivanate analysis because
blood lead-IQ association not significant
in bivariate analyses)
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study. The legends provide additional information to aid the reader in
evaluating this issue.

Figure 2-1 displays the IQ scores of children classified by blood lead
concentration, xvhich serves as an index of earlier and current lead expo-
sures. Within each cohort, children with lower mean blood lead concen-
trations scored higher than children with higher mean concentrations, and
the decline with increasing exposure was roughly monolonic. The differ-
ences among cohorts in overall performance (i.e., height on the ordinate)
are substantial, but not surprising, in view of the many differences
among studies, including the IQ test used and its appropriateness to the
population sampled, the sociodemographic characteristics of the cohort,
and the total body lead burden of the children.

Figure 2-2 displays the IQ scores of children in studies that relied on
tooth lead as the exposure index. Within each study, children's scores
tended to decline with increasing tooth lead. The consistency in the
findings is all the more surprising, in view of interstudy differences in
the portion of tooth anatomy sampled for analysis (e.g., whole tooth,
crown, circumpulpal denlin, primary dentin) as well as in the type and
location of teeth obtained for analysis (Smith el al., 1983; Grandjean et
al., 1986; Purchase and Fergusson, 1986; Palerson et al., 1988) and. in
many cases, the absence of interlaboralory quality-assurance and quality-
omtrol procedures.

To a large extent, evaluation of whether a study provides evidence of
an association between lead and IQ has traditionally been based on
whether thep value related to the association is less than 0.05. A more
effic:??' uf.e of the information from different studies is to assess the
consistency in the magnitude of effect sizes. Studies in which the p
value was greater than O.OS can provide evidence that supports the
association, if they all report similar effect sizes. The/7 value associated
with an individual study depends on many factors, including sample size,
the dispersion of values for exposure and outcome within a cohort, and
the precision achieved in measuring exposure, outcome, and covariables.
Thep value associated with the result of a single study is somewhat less
important when the studies are viewed in aggregate.

A meta-analysis of 24 recent comparable studies of the association
between lead and IQ (including most of the studies in Figures 2-1 and 2-
2) indicated that, under the null hypothesis of no association between
lead concentration and IQ. (he overall pattern of reported associations is
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FIGURE 2-1 (facing page). Blood lead concentrations vs. intelligence test
scores. Data from cross-sectional and retrospective cohort studies that relied on
blood lead concentration as index of children's exposure. For study to he in-
cluded, investigators had to present either mean IQ scores for children hy blood
lead strata or sufficient information about regression of IQ on blood lead In
specify regression line (i.e., coefficient for blood lead and intercept of regres-
sion line or figure from which they could he determined). Except where noted,
scores are adjusted for confounding although control variables vary among
studies. Source of information provided for each sludy depicted is ILS follows:
Yule el al. (1981): mean full-scale WISC-R IQ scores for children in hlooJ
lead quartiles. Winneke el al. (1990): WISC scores based on four subscales:
Vocabulary, Comprehension, Picture Completion, Block Design; apparently no)
adjusted for confounding. The group with the highest blood lead levels (mean
of 50.1) achieved a mean IQ score of 104.3 (not shown). Fulton et al. (1987):
regression of British Ability Scales combined score on blood lead. Based <m
analysis conducted hy Grant and Davis( 1989). Lansdown el al. (1986): mean
WISC-R IQ scores not presented for complete cohort, only for children strati-
fied hy parental occupation (manual vs. nonmanual); apart from stratification on
parental occupation, scores are not adjusted for confounding. Hawk et al.
(1986): regression of Stanford-Binel IQ scores on blood lead concentration;
chunk test evaluating contribution of control and interaction terms was not
significant. Schroeder et al. (1985): regression of Stanford-Binel IQ Scores on
blood lead concentrations; data represent apparently unadjusted regression of IQ
on contemporary blood lead concentration among 6- to 12-year-olds; data
selected for inclusion because they are most similar lo those from traditional
cross-sectional study. Although the model in which blood lead was the only
predictor yielded the most precise estimate of the slope of the blood leaJ-IQ
relationship, the slope was reduced from -0.4456 lo -0.255 in the model thai
achieved optimal precision and validity. Source: Adapted from Bellinger ami
Needleman, 1992.
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highly unlikely to have occurred by chance (Needleman and Gatsonis,
1990). Two methods were used to calculate a joint p value: Fisher's
method for aggregating p values and Mosteller and Bush's method for
calculating a weighted sum of / values. For studies relying on blood
lead as the index of children's exposure, both methods yielded a joint/?
value less than 0.0001. For studies based on tooth lead, the p values
were 0.0005 and 0.004. Pooled data from the eight WHO/CEC (World
Health Organization and Commission of the European Communities)
studies (conducted in Aarhus, Athens, Bucharest, Budapest, Modena,
Sofia, Zagreb, and Dusseldorf) resulted in a common regression coeffi-
cient of-0.53 (p < 0.1, one-tailed) (Ewers el al., 1989; Winneke el al.,
1990).

Despite interstudy differences in the ranges of blood lead represented
in a cohort, most studies report a 2- to 4-point IQ deficit for each in-
crease of 10-15 /xg/dL in blood lead within the range of 5-35 /ig/dL. A
threshold for that effect of lead is not evident from the reported studies.
It is important to note that the effect sizes estimated on the basis of

FIGURE 2-2 (facing page). Tooth lead concentrations vs. inlelligence-lesl
scores. Data from retrospective cohort studies that relied on concentration of
lead in some portion of loolh as index of children's exposure. For study to he
included, investigators had to present either mean IQ scores for children hy
tooth lead strata or sufficient information ahoul regression of IQ on loolh lead
to specify regression line (i.e., the coefficient for tooth lead and intercept of
regression line or figure from which they could he determined). Except where
noted, scores are adjusted for confounding although control variables vary
imong studies. Source of information provided for each study depicted is as
follows: Winneke et al. (1983): vernal IQ scores from German adaptation of
W|SC; full-scale IQ scores for children in differenl loolh lead strata were not
provided. Winneke el al. (1982): full-scale IQ scores from German adaptation
ot WISC for matched groups. Pocoek el al. (1987): WISC-R scores. Needle-
man et al. (1979): full-scale WISC-R scores. Hansen et al. (1989): full-scale
scores on Danish adaptation of WISC for matched groups. Fergusson el al.
(1988): unadjusted full-scale WISC-R scores al age 8 yr; toolh lead values
displayed are midpoints of ranges; no range is provided for highest loolh lead
strata (12 + ), so IS iig/g was chosen; identical pattern was evident in WISC-K
scores at 9 yr of age (not shown); adjusted scores were not provided. Source:
Adapted from Bellinger and Needleman. 1992.
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prospective longitudinal studies and cross-sectional studies are essentially
identical. In a recent meta-analysis of studies reporting on cognitive
function at school-age, Schwartz (1992a, in press (a)) calculated the IQ
decline over the blood lead range of 10 to 20 pg/dL to be 2.32 points
(standard error of 1.27) for longitudinal studies and 2.69 points (standard
error of 1.28) for cross-sectional studies. The public-health significance
of such an effect size has stimulated spirited debate.

The public health significance of an effect size of this magnitude has
stimulated spirited debate. Three issues warrant consideration. First.
SEM is a concept that pertains to the performance of an individual, not
a group. Specifically, it defines the range, centered around a subject's
observed score, within which his or her true score is likely to lie. Thus.
SEM is not germane in interpreting the importance of group differences
in mean score. Second, a property of statistical distributions is that a
small difference in mean score between two groups results in substantial
differences in frequency of extreme values between the two distributions.
The distributional implications of small changes in population mean score
have been confirmed by analyses of several lead-study data sets (Needle-
man et al.. 1982; Bellinger et al., I989a; Davis, 1990). Third, small
differences in IQ have been associated with differences in measures of
socioecbnomic success, such as wages and educational attainment (Grili-
ches. 1977).

Although the search for markers of increased vulnerability has been
carried out only with post hoc analyses, results of several studies suggest
that children in lower social strata (or whose parents have manual
occupations) express an IQ deficit at lower exposures than do children in
higher social strata (Harvey et al., 1984; Winneke and Kraemer, 1984;
Rabinowitz et al., 1991). Sociodemographic differences are thought to
account for the discrepancy between the results of the first (Yule et al..
1981) and second (Lansdown et al., 1986) London studies. Not all
studies report socioeconomic differences in vulnerability, however. In
one study, the association between increased tooth lead and lower IQ
was more prominent among hoys than girls (Pocock et al., 1987). The
findings should be viewed as preliminary, but they are consistent with
patterns reported in two of the prospective studies (Dietrich et al..
1987a; Bellinger et al., 1990). In two recent studies, however, the
inverse association between lead level and cognitive performance was
stronger among girls than boys (Rabinowitz et al., 1991; Leviton et al..
1993), leaving the issue of sex differences in vulnerability unresolved

Several obstacles impede efforts to discern whether specific neuro-

psychologic deficits are associated with higher lead exposures. First,
differences among investigators in interests and experience, as well as
national differences in assessment strategies and approaches, have con-
tributed to interstudy differences in the instruments used and the ages at
which children were assessed. Second, within an individual study, the
instruments used to assess function in different cognitive domains vary
in reliability and sensitivity. If children with different exposures per-
form differently on test A but not on test B, it might be difficult to
determine whether the contrast is attributable to lead-associated effects
nn the skills underlying test A hut not those underlying test B or to the
superiority of test A in psychometric properties. Third, the specific
manifestations of lead's cognitive toxicily might vary with characteristics
Dl a cohort, such as socioeconomic status or other markers of the types
of developmental support available to children. For instance, children in
lower social strata often begin to manifest language deficits in the second
year of life that are attributed to a relative lack of environmental support
for the types of linguistic skills assessed in standardized tests. The
increased vulnerability of verbal function in such children might make
this aspect of cognition most sensitive to toxic exposure. In children
from higher social strata, where greater emphasis might be placed on the
development of primarily verbal academic skills, this aspect of cognitive
function could be more protected. Toxicity might be expressed in other
ways, such as visual-spatial or visual-motor integration. Fourth, differ-
ences across studies in the cognitive domains found to be associated with
lead might reflect differences in the exposure histories of the children in
various cohorts and to differences in the exposure index used. Some
cognitive functions might be more strongly associated with exposure
within the first 2 years of life, and others with later exposure (Shaheen,
1984). For still other functions, the important contrast could be between
cumulative and acute exposure (e.g., Winneke et al., 1987, 1988).

As noted in the discussion of the impact of lead on IQ, the importance
<>t p values should not be magnified in assessing the consistency across
studies in the association of specific cognitive functions with lead.
Numerous studies showing similar effect sizes, some of which might not
he statistically significant, are more persuasive than a set of studies
showing discrepant effect sizes with similar p values.

There is relatively little consistency across studies in terms of whether
verbal IQ or performance IQ is more strongly associated with lead
exposure. Some studies report stronger associations for verbal IQ or
surrogate scores (Needleman et al.. 1979; Ernhart et al., 1981; Yule el
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al., 1981; Bergomi et al., 1989; Hansen et al., I989a,b). and others fur
performance IQ (Marecek et al., 1983; Shapiro and Marecek, 1984). In
some studies, size of exposure was significantly associated with both
scales (Hatzakis et al., 1989), and in others, with neither scale (Smith ei
al., 1983; Winneke et al., 1983; Lansdown et al., 1986; Fergusson et
al., 1988; Silva et al., 1988). Similar inconsistency has been reported in
the results of IQ testing conducted at school-age in the prospective
studies (Baghurst et al., 1992; Bellinger et al., 1992; Dietrich et al..
I993a). Several studies have noted significantly lower reading scores
(primarily word-reading) among children with larger exposures (Yuleet
al., 1981; Fulton etal., 1987; Fergusson et al., 1988; Needleman et al.
1990); other studies have noted similar, but nonsignificant, trends
(Ernhart et al., 1981; Smith et al., 1983; Silva et al., 1988). Spelling
deficits have also been reported (Yule et al., 1981; Fergusson el al..
1988). Some studies report significant associations between lead expo-
sure and mathematical skills (Fulton et al., 1987; Fergusson et al..
1988); others do not (Yule etal., 1981; Smith etal., 1983; Lansdown ei
al., 1986).

In several studies, children with larger lead exposure did poorly on
assessments of visual-spatial or visual-motor skills, with deficits apparent
on figure reproduction, visual retention, mazes, eye-hand coordination,
and construction tasks (Winneke et al., 1988; McBride et al.. 1982;
Bellinger et al., 1991 a; Hansen et al., I989a,b). Analysis of the pooled
data from the WHO/CEC studies (Ewers et al., 1989) indicated a signifi
cant positive association between errors on the Bender-Gestalt Test
(German scoring system) and blood lead concentration, particularly on
the more difficult trials when perceptual distractions were introduced.

A more consistent finding across studies is an inverse relationship
between children's lead concentration and the adequacy of their perfor-
mance on simple and especially choice reaction-time tasks (Needleman
et al., 1979, 1990; Winneke et al., 1983, 1989, 1990; Hunter el al..
1985; Hatzakis et al., 1989; Raab et al., 1990). In the WHO/CEC
studies, blood lead concentration was positively associated wkh errors
and negatively associated with hits on a serial-choice reaction-time task
(Ewers et al., 1989). Lead exposure was not significantly associated
with performance on a delayed-reaction-time task in this set of studies.
Larger exposure has also been linked to pcxirer performance on tests
such as the Toulouse-Pieron cancellation test (Bergomi et al., 1989), the
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Trail-Making Test, Stroop Test, the Talland Letter Cancellation Test,
and the Wisconsin Card Sorting Test (Bellinger et al., in press). If the
assumption that such tasks assess children's attention skills is correct,
these data are consistent with other findings, based on teachers' ratings,
that children with larger exposures are less attentive in the classroom
(Needleman et al., 1979; Yule et al., 1984; Hatzakis et al., 1987; Silva
el al., 1988; Thomson et al., 1989). Blood lead concentration was not
significantly associated with teachers' ratings of classroom behavior in
the WHO/CEC studies, however (Ewers et al., 1989). Except for Ihe
finding of Hansen et al. (1989a,h) ot greater off-task behavior during the
continuous-performance task, direct observations of children have not
demonstrated behavioral differences between groups of children with
varied magnitudes of lead exposure (Bellinger el al., I984h; Harvey et
al , 1984).

Byers and Lord (1943) reported that 19 of 20 children with asymp-
inmatic lead poisoning failed to achieve adequate progress in school,
despite IQs in the normal range. Their difficulties were attributed to
behavioral dysfunctions, such as dislractibility and impulsivity. Al-
ihough those observations are generally credited with originating studies
un so-called subclinical effects of lead exposure, relatively few of the
mure recent studies have examined performance in school as an outcome
variable, apart from collecting teachers' ratings of children's classroom
behavior.

The limited data available are generally consistent with (he hypothesis
that children with greater lead burdens not only perform worse on
laboratory and psychometric tests of cognitive function, but also are
more frequently classified as learning-disabled and make slower progress
through Ihe grades. For instance, in a followup study of a subset of 141
children in the cohort originally identified by Needleman et al. (1979),
dentin lead concentrations greater than 20 parts per million (ppm) were
associated with increased rates of referral for remedial academic help
and with grade retention during the late elementary-school years (Bel-
linger et al., I984h). In a cross-sectional study of 200 second-grade
Scandinavian children, the risk (adjusted odds ratio) for learning disabili-
ty among children with circumpulpal-denlin lead omcenlralions greater
lhan 16 ppm was 4.3 (the reference was the rate among children with
concentrations less than 5 ppm) (Lynghye el al., 1990). Including
children with a variety of medical risk factors reduced the odds ratio, hut
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the risk of learning disability among children with high dentin lead
remained double the reference risk.

An assessment of the prevalence of lead-associated learning disabilities
over a much longer followup interval was reported by Needleman et al.
(1990). At age 18-19 years, children with high dentin lead concentra-
tions had significantly higher rates of reading disability (at least two
grades below expected) and failure to graduate from high school; the
adjusted odds ratios were 5.8 and 7.4, respectively, when the prevalence
among children with dentin lead concentrations helow 10 ppm was used
as the reference.

In children, early neurobehavioral and other developmental effects
have been reported at blood lead concentrations of 10 /ig/dL or even
lower (and equivalent concentrations in other tissues). Figure 2-3 shows
a nonparametric smoothed curve of full-scale IQ versus dentin lead
concentration with covariates controlled for. The figure comes from a
reanalysis of the data of Needleman et al. (1979) by Schwartz (in press)
The analyses of Needleman and co-workers have recently been criti-
cized. It has been suggested that their finding of a significant association
between full-scale IQ and dentin lead followed from three critical choic-
es: their exclusion of subjects with characteristics that they felt might he
strongly related to the outcome (such as hospitalization for head injuries
or residence in non-English-speaking homes), their use of external age
adjustment rather than direct control for age in the regression, and their
method for assigning subjects to lead-exposure groups. The reanalysis
addressed recent criticisms of the original analysis by

• Including all the subjects, instead of using the exclusion criteria of
Needleman and co-workers.

• Controlling directly tor age in the regression model, instead ot
using indirect standardization.

• Using the mean dentin lead in each child as the exposure index,
instead of a set of categorization rules that discarded discordant values.

The reanalysis also controlled for additional covariates. Dentin lead
concentrations were found to he more highly significantly related to full-
scale IQ than in the original analysis F-'igure 2-3 indicates that the
covariate-adjusted association continued to the lowest dentin lead concen-
tration found in the sample. 1 ppm. Although that cannot speak It)
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FIGURE 2-3 Nonpiramelric smoothed plot of full-scale IQ vs. denlin lead
from Needleman el •!. (I979). After controlling by regression for age,
maternal IQ, maternal age, mother's and father's education, mother's and
father's SES, number of siblings and hospitalizalion for lead poisoning.
None of subjects excluded in original analysis were excluded from reanaly-
sis. Source: Schwartz, in press. Reprinted with permission from Neuro-
Tmicol<if;y; copyright 1092. Inlox Press.

effects at lower concentrations, the rarity of concentrations below 1 ppm
in industrial societies suggests a lack of an effective threshold. Schwartz
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(in press) presents a plot that indicates that smoothing did not distort the
relationship. Schwartz also reports a reanalysis of the data of Bellinger
et al. (1991 a). The Schwartz reanalysis—in addition to addressing the
question of the impact of the exclusions, age-control method, and defini-
tion of exposure in the original paper of Needleman et al. (1979)—also
went to some lengths to examine the sensitivity of the conclusions to
those and other factors. The regression coefficients and standard errors
for the baseline model (which controlled for age, used mean dentin lead
as the exposure index, and used no exclusionary rules) were compared
with those for a number of different models. Some additional covariaies
were included, and some of the original Needleman exclusionary rules
were used.

The association between dentin lead and full-scale IQ was insensitive
to those changes. To ensure that the association was not driven by a few
influential observations, Schwartz used M estimation, a technique thai
assigns lower weight to points that are far from the predicted regression
line to reduce the possible influence of a few anomakws points. Boot-
strapping, which calculates mean regression coefficients and confidence
intervals by repeatedly resampling observations from the original data
set, was also used; it yields inferences that are less sensitive to any
assumptions about the distributional properties of the variables and
parameters. Both techniques gave results essentially identical with those
of the baseline model. Robust variance estimates also yielded the same
results. The nonparametric smooth curve mentioned above (Figure 2-3)
also indicates that the relationship is not driven by a few selected obser-
vations.

Schwartz also examined the association between dentin lead and other
outcomes. Those outcomes might be expected to covary with IQ, and an
association with them further indicates that the IQ results are not anoma-
lous in these data. In models that control for all the covariates used in
the IQ regressions, dentin lead was associated with Teacher Rating
Score, with Piaget Mathematics and Reading Scores, with Seshore
Rhythm, and with other neurodeveloprnental outcomes. The findings
suggest that the association between dentin lead and intellectual develop
men! in the data of Needleman and co-workers is strong and robust.
Bellinger et al. had reported that 20-month hlix»d lead concentrations
were associated with 57-month McCarthy General Cognitive Index in
their prospective study of lead exposure. Using least-square means, (hey

showed that children with blood lead of 3-9 /ig/dL had significantly
lower McCarthy scores than children with blood lead below 3 /jg/dL.
Figure 2-4 shows a covariate-adjusted nonparametric smoothing of the
McCarthy Scores for those children versus blood lead concentrations
from Schwartz's reanalysis. A continuous dose-dependent decline is
seen to start at I /ig/dL. Figure 2-5 shows the covariate-adjusted Bayley
MDI scores at age 18 months for three categories of cord lead concentra-
tion, as reported from the Boston study. More recently, Schwartz (in
press), using hockeyslick regression, has demonstrated a threshold
estimate below I /tg/dL in the relationship between McCarthy Global
Cognitive Index and blood lead in these data. Those studies support the
general conclusion that there is growing evidence thut there is no effec-
tive threshold for some of the adverse effects of lead.

Another neurohehavioral end point is evident in Figure 2-6, which
shows the percent of children with hearing levels worse than the refer-

Blood Lead

FlOURE 2-4 Nonparamelric smoothed plot of McCarthy Global Cognitive Index
vs. blood lead at 24 months of age in Boston prospective lead study (Bel-
linger el al., I99la). Source: Schwarlz, in press. Reprinted with permis-
sion from NeuroTawoloRy; copyright 1992, Inlox Press.



Mental Development Index Score at 24 Months

Fraction of Children with Increased
Hearing Threshold at 2,000 Hz



2-7 shows the fraction of children with reading disability, by quartilenf
dentin lead concentration, after adjustment for covariates.

In the paper of Schwartz and co-workers (1986), children's stature
was associated with blood lead concentrations. A hockeystick regression
analysis found no evidence of a threshold down to the lowest blood lead
concentration in the data (2 pg/dL). At lower ages, Shukla and col-
leagues (1987, 1989) found an association between integrated postnatal
blood lead and child's stature at 33 months. Figure 2-8 shows that
relationship, after adjustment for covariates.

Neurotoxic effects of lead in addition to effects on cognition and other
neurobehavioral measures in children have been documented in both the
central nervous system and the peripheral nervous system (PNS) of both
adults and children.

In both lead workers and lead-exposed children, one noninvasive.
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FlCUKF. 2-7 Percentage of children with reading disability (defined as two or
more grades below expected) by quart lies of dentin lead concentration «ft«
adjustment for covariates. Data from long-term foliowup of Needleman inil
co-workers (1990). Source: Schwartz. in press. Reprinted with permission
from NeuruToxicohxy; copyright 1992, Intox Press.

useful measure of PNS injury is the reduction of conduction velocity in
some sensory and motor nerves. By and large, lead workers show
impairment of nerve conduction velocity at relatively higher concentra-
tions of blood lead than those associated with either childhood lead
neurolox icily or that related to other toxic end points in adults. Nerve
conduction-velocity impairment appears not to he a particularly sensitive
measure of neurnloxicily in adults, as it is a measure that reflects ad-
vanced manifestation of demyelinaling injury involving Schwann cells.

Effects of lead on peripheral nerve function in children are also
known, although not as well studied as in adults. Studies of inner-city
children (Feldman et al., I973a,b; 1977) and children residing in smeller
communities (Landrigan et al., 1976; Englerl, 1978; Winneke et al.,
1984; Schwartz et al., 1988) have been reported. Multiple statistical
analyses (Schwartz et al., 1988) of nerve conduction-velocity data
obtained from a group of asymptomatic smelter-communily children
described earlier (Landrigan el al., 1976) demonstrated a threshold in
children for nerve conduction-velocity reduction of blood lead concentra-
tion ranging from 20 to 30 /ig/dL, depending on the statistical analysis.
One complication with nerve conduction velocity as a toxicily measure
is that a dose-dependent biphasic response can be identified, i.e., a U-
shaped dose-effect curve across studies and across a broad range of
Mood lead concentration (e.g., Schwarlz el al., 1988; Winneke et a l . ,
1989).

Various assessments of neurophysiologic end points have involved
various evoked-polenlial testing, particularly by Otto (Denignus el al . ,
1981; Robinson et al.. 1985; Otto. 1989). The salient points of the
various studies are as follows:

• Various evoked-polenlial tests are measures of CNS perturbations
in young children, even though some inconsistencies across time and
stage of neurologic development suggest that multiple mechanisms are
involved.

• Linear dose-effect data were reported in connection with condi-
tioned slow-wave voltage changes in children, brain-stem evoked-poten-
lial latencies, pattern-reversal evoked-poteniial (PRRP) latencies, and
PREP amplitude.

• Such measures seem to be minimally affected by social and cultural
'actors that complicate psychometric studies.

• Although much of the evoked-potential informal ion examined by
Olio and others might not have clear clinical connections, except for thai
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FIGURE 2-8 Percentage of newborns weighing less than 2,750 g by maternal
blood lead category, after adjustment for covariates. Data from Dielrich
(1991). Source: Schwartz, in press. Reprinted with permission from
NeuroToiicology; copyright 1992, Inlox Press.

linked to hearing impairment (Schwartz and Otto, 1987), any CNS per-
turbations that occur in developing children should be regarded with the
utmost concern.
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Ever since Schedoff and Porockjakoff drew attention to the association
of high blood pressure and eclampsia in 1884, there has been increasing
interest in this relationship. In normal pregnancy, despite the 30-40%
increase in blood volume and cardiac output, arterial pressure falls,

because of a decrease in peripheral vascular resistance. A fall early in
gestation lasts until around weeks 18-24 of pregnancy. Between weeks
24 and 26, Wood pressure increases to a plateau; it then stays steady
until delivery. Women who do not follow that usual pattern and are
hypertensive during pregnancy have a higher risk of adverse pregnancy
outcome. The reported prevalence of hypertension ranges from 3.5% to
23.6% (Underwood et al., 1967; Russell et al., 1968; Naidoo and
Moodley, 1980; Huisman and Aarnoudse, 1986); the lowest of those
figures is for a population mostly of Caucasians, and the highest is for a
group of nulliparous women at risk of poor pregnancy outcome. The
estimates of prevalence have suffered from lack of uniform definition
and of standardized measurements of blood pressure.

Hypertension is the disease most often associated with fetal growth
retardation (IOM, 1985). Low and Galhraith (1974) attributed 27% of
intrauterine growth retardation with an identifiable cause to severe pre-
eclampsia, chronic hypertensive vascular disease, or chronic renal dis-
ease. Breart et al. (1982) found that inlrauterine growth retardation
occurred in only 3% of births when the diastolic blood pressure was less
than 90 mm Hg, 6% of births at 90-110 mm Hg, and 16% of births
when it was higher than 110 mm Hg.

Lead readily crosses the placental harrier during the entire gestational
period, and its uptake appears to be cumulative until birth (ATSDR,
1988). McMichael el al. (1986) showed that preterm deliveries and
reduction in birthweight were significantly related to maternal blood lead
at delivery. Those findings have been documented in other studies in the
United States and other countries. The prenatal effects are minimal or
uiwppear and thus do not show compromised neurologic functioning in
children.

The consistency of the types ot adverse pregnancy outcomes that have
twen related to hypertension and to blmxl lead in separate studies is
striking, but needs to be better integrated. Rabinowitz et al. (1987) are
the only investigators who have reported on the relationship of pregnan-
cy with blood pressure and blood lead during pregnancy. They studied
J.200 live births in Boston by white, middle-class women. They exam-
ined umbilical-cord blcxHl lead and reported a significant association with
Wood pressure at delivery and the presence of hypertension during
pregnancy. Schwartz (1991) has reported an association between blood
lead and blood pressure in females in a nationally representative sample.



A comprehensive review of both human and animal studies has been
published (Boscolo and Carmignani, 1988).

Animal Mnlelt < 1 1 ««nl timl

In the last decade, a substantial body of animal data have associated
in vivo lead exposure with increased blood pressure in animals. Increas-
es in blood pressure in the rat have been documented by Victory et al
(1982), lannacone et al. (1981). Perry and Erlanger (1978), Carmignani
et al. (1983), Webb et al. (1981), Evis et al. (1987), Boscolo and Car
mignani (1988), Bodgen et al. (1991), Nakhoul et al. (1992), and Lal
and co-workers (1991). In many of these studies, the blood lead levels
involved were quite low. "Figure 2-9, for example, shows a plot of the
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FIGURE 2-9 Response of hlixxJ pressure It) MINK! lead concentrations in <*(•<
(Boscolo and Carmignani, 1988). Source: Schwarlz. |992b. ReprmlnJ
with permission; copyright 1992. CRC Press.

data from Boscolo and Carmignani (1988), taken from the review of
Sthwartz (I992h). Other studies have documented similar increases in
pigeons (Revis et al., 1981).

A common finding in these studies was increased reactivity to alpha-
adrenergic stimulation, prolonged response to norepinephrine stimulation,
and reduced effectiveness of isoproterenol in lowering blood pressure.
These all point to a mechanism involving the modulation of the calcium
messenger system that regulates blood pressure. This system is dis-
turbed by lead in other organs as well.

In vitro studies have ulso supported the role of lead in increasing
hliMHl pressure. Isolated tail arteries have shown increased contractile
response in studies by Piccini et al. (1977), Chai and Webb (1988).
Skoczynska et al. (1986). Carmignani el al. (1983), lannocone et al.
(1981), and Wehh et al. (1981). These studies also document increased
responsiveness to alpha-adrenergic stimulation. Chai and Webb (1988)
report that the contractile response to lead in an isolated rabbit tail artery
was increased by a protein kinase C stimulant, and decreased in the
presence of a protein kinase C inhibitor. This again suggests the central-
nyof the calcium messenger system. This system regulates tone in (be
vascular periphery of humans as well as animals.

I MHll.llN II I I»illl'llli4 tt UY

Recent epidemiology studies have generally supported the conclusion
that the animal results are generalizable to humans. Positive associations
between blood lead levels and blood pressure have been reported in
essentially all studies, and most of (hem have reported significant results.
The largest studies were the British Regional Heart Study and the
NHANES II study. The similarity in the regression coefficients between
ihnse two studies has been noted by EPA in the air lead criteria docu-
ment (EPA, I986a) as well as by Pocock et al. (1988). Figure 2-10
shows the estimated changes in systolic blood pressure for a change in
hlixnl lead from 10 /ig/dL to 5 jig/dL from 1 1 recent studies of the
association between blood lead and blood pressure (Schwartz. 1988;
Orssaud et al.. 1985; Kroumhout, 1988; Pocock et al. 1988; El wood el
al.. I988a, b; Neri et al.. 1988; More.iu et al., 1982; de Kort el al..
1987; Sharp et al., 1988). As can he seen, positive and moderate
cunsisteni effects are seen in (he studies. Other studies have also report-
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ed significant associations, including Weiss et al., (1986), Moller and
Krisiensen (1992), Egeland et al. (1992), Apostoli et al (1992), and Hu
(1991). No association was reported by Grandjean et al. (1989), and a
mixed result, with positive associations in one model, and negative
associations in a model with multiple divalent cations, was reported by
Staessen et al. (1991). Overall, a considerable majority reported signifi-
cant associations. Combined with the strong animal model, mechanistic
results, and the moderate concordance of effect size, this suggests
overwhelming evidence for the causality of the association. This conclu-
sion was also the consensus of the International Conference on lead in
blood pressure (Victery et al., 1988), and of EPA's external Science
Advisory Board.

Given the estimated changes in blood pressure from Figure 2-10, a
study would need extremely large sample sizes to test whether the
expected consequences of increased blood pressure on myocardial infarc-
tions occur. No study done to date has had the power to detect relative
risks of 1.05. Two studies have focused on intermediate, and more
common, cardiovascular end points. Kirkhy and Gyntelberg (1985) re-
ported that lead exposure was associated with electrocardiogram changes
associated with ischemic heart disease. This was confirmed in a general
population study by Schwartz (1991).

lOXKIIY

The search for mechanisms of lead's toxic actions in human and ex-
perimental animal populations must depend to some extent on the level
of the mechanistic explanations being sought. For example, histopatho-
logic, physiologic, cellular, and suhcellular and molecular levels of
mechanistic explanation have been invoked in numerous papers on hu-
man and experimental lead toxicity. Eventually, all the mechanistic
explanations are traced to lead's functions at the molecular level in
various cell types and in various subcellular components. Investigators
have long sought a global, unifying molecular mechanism of lead's toxic
action at all sites in the human body. The diversity of toxic effects has
made such an explanation extremely difficult to find, and it is the molec-
ular-level mechanism that is of principal interest in this report.

The consequences of lead action on organ and tissue (unction are also

I••*
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highly correlated with reproducible lead-induced dysfunction in cell
culture models of neurons and glia, brain capillary epithelium, hone, and
several other pertinent cell types (Tiffany-Casliglioni, 1993; Goldstem,
in press; Pounds et al., 1991). Finally, the many toxicological effects of
lead are well supported in hypothesis and theory by lead-dependent
perturbation of critical physiological, biochemical, and molecular events
including signal transduction processes, gene expression, mitochondria!
function, etc. (Goering, in press; Regan, in press; Shellon, 1993; Si-
mons, in press).

Most attempts to elucidate or define the mechanism of neurotonic
action of lead on cognition and related measures of brain function in-
clude altered development and maintenance of the neural network by lead
as a vague, but central thesis. The concept that lead might provoke local
or global changes in brain development, architecture, organization, and
function is reasonable and supported directly and indirectly by the studies
from several laboratories. Two broad classifications of mechanisms have
been proposed by Silbergeld (1992). First, are the neurodevelopmental
mechanisms that result in persistent and irreversible changes in the archi-
tecture of the nervous system. The best example of this developmental
mechanism is the neural cell adhesion molecule discussed below. Sec-
ond, lead interferes with signal transduction processes, especially those
associated with neurotransmitler function, which may be reversible.
Although these two broad mechanisms may overlap if the neuropharma-
cologic effects of lead contribute to the developmental mechanism, they
provide a useful framework to organize information.

Definition of mechanism of action: To assess appropriately the litera-
ture developing on mechanisms of action for lead toxicity and neuro-
toxicity, it is important to note that the cellular and molecular effects of
lead are parallel to the effect of lead on nervous system function in hu-
mans. That is, al any level of biologic organization, lead toxicily mani-
fests a broad continuum of toxicity from overt at higher levels to multi-
factorial recondite toxicities at lower exposure levels. A similar hroad
continuum of toxicities is observed at the cellular level. Thus, it should
not be expected that the actions of lead on a single cellular or molecular
process will provide an adequate description of the mechanism of action

In addition, there is not agreement among investigators as to what
constitutes a mechanism of action as the definition of mechanism of
action, like the definition of beauty, lies in the eye of die beholder. For

example, the underlying process responsible tor poor school performance
may he best related to another behavioral outcome, such as visual-moier
integration. At another, but more remote level, perturbation of signal
iransduction or gene expression may be responsible for changes in
neuronal development and the hard-wiring of the nervous system that
may underlie the changes in behavior. Al yet another level, interaction
of lead with critical sites on specific proteins may explain the effects (if
lead on signal transduction processes.

Neurotoxicity: The principal neuropathologic feature of acute lead
encephalopathy is interstitial edema. Several lines of investigation
implicate functional changes in the permeability and harrier properties ol
the capillary endothelium (Bressler and Goldstein, 1991). These changes
in endothelium function may he mediated by the effects of lead on
astrocytes possibly through altering calcium homeostasis or by activation
of protein kinase C (Gebhart and Goldslein, 1988).

Neurodevflopmcntal toxicity: The neural cell adhesion molecule
(NCAM) is a complex of three polypeptides which regulates many
neurodevelopmenlal processes including neuronal fiber outgrowth and
synapse formation (Edelman, 1986). The extracellular domain of the
NCAM complex is modified by the addition of sialic acid moieties, with
the embryonic form more polysalicylated than the adult form. The sialic
acid content determines the strength of interactions between NCAMs on
adjacent cells. Chronic lead exposure decreases the rate of NCAM
desialylation and the conversion from the embryonic to adult stage in the
rat cerebellum (Cookman et al. 1987; Regan, 1989, in press) It is
logical that the impaired NCAM desialylalion may induce a Jys syn-
chrony in normal cerebellar development, with subsequent altered
neuronal structuring contributing reduced fine motor skills and other
manifestations of toxicily. However, the biochemical and cellular
mechanisms by which lead impairs desialylation remain to be clarified.

Many studies have evaluated the effects of lead on selected parameters
»f neurotransmitler function and the eleclrophysiological consequences.
Changes in neurotransmilter levels, turnover, and release are well docu-
mented in numerous experimental systems, including the neuromuscular
junction, synaptosomal preparations, brain tissue slices and cultured
neurons. Although there are inconsistencies and contradictions in the
findings among these studies, the conclusions are remarkably consistent
»hen the differences in experimental design and the experimental system



are considered (Dressier and Goldslein, 1991; Minnema, 1989; Silber
geld, 1992). Chronic exposure to low levels of lead enhances the basal
or spontaneous release of various neurotransmitters from almost all
systems investigated. For example, lead concentrations of 40 jjg/dL
increased the frequency of miniature end plate potentials, but did not
affect the presynaptic nor the end plate potential after direct stimulation
(Atchison and Narahashi, 1984; Cooper et al., 1984; Manalis and
Cooper, 1973). In contrast, lead at higher concentrations blocked the
evoked release of neurotransmitters in both the peripheral and central
nervous system preparations.

Interactions of lead with the calcium messenger system have received
considerable attention during the last twenty years. This attention is the
result of the physico-chemical similarity between Pb1* and Ca1* and ihe
ubiquitous role of calcium'ions as intracellular messengers for transduc-
ing electrical and hormonal signals. The interaction of lead with Ca"
homeostasis and the calcium messenger system has been reviewed in
detail (Pounds, 1984; Pounds et al., 1991; Simons, in press; Bressler
and Goldstein, 1991).

The concentration of free cytoplasmic calcium ion, |CaJ*)!, is normal-
ly maintained between SO and 150 nM by the calcium homeostasis sys-
tem. An appropriate hormonal or electrical signal at the plasma mem-
brane is transduced to a cytoplasmic Ca1* signal by increasing the
(Ca1*)! in one or more parts of the cell. Lead interferes with the genera
tion of a Ca1* signal in many cells and nerve terminals. Recent work
has extended this understanding by demonstrating that Pb1* inhibited
Ca2* entry when calcium channels were opened by depolarization (Si-
mons and Pocock, 1987).

Cytoplasmic Ca1* signals are received by a variety of Ca1* receptor
proteins including calmodulin, protein kinase C, calcimedins, parvalhu-
mins, troponin C and many others. Some of these Ca1* receptor pro-
teins are specific to certain cell types, while others are ubiquitous. Two
of the most versatile and ubiquitous Ca1* receptor proteins are calmodu-
lin and the protein kinase C family. The calmodulin-mediated responses
are typically of brief duration. Typical calmodulin-mediated functions
include neurotransmitter release, endocrine and exocrine secretion, etc.
Protein kinase C is activated by Ca2* and a lipid metabolite produced by
phosphoinositol metabolism, diacylglycerol. Protein kinase C activates
protein kinase and phosphatases with both a broad and narrow spectrum

of protein substrates. Protein kinase C-mediated responses are typically
of longer duration than calmodulin-mediated responses and include cell
division and proliferation, cell-cell communication, organization of the
cytoskeleton, etc. Lead can perturb the function of these Ca2* receptor
proteins directly by substituting for Ca1* with more or less activity, or
indirectly by interfering with the generation or removal of the Ca2*
signal. For example Pb2* will effectively and functionally displace or
substitute for Ca1* in calmodulin and other receptor proteins tested to
date (Hahermann et al., 1983; Fullmer et al., I98S; Richardt et al.,
1986). High levels of calmodulin are particularly associated with the
nerve terminals where calmodulin-dependent phosphorylalion regulates
neurotransmitter release. The inappropriate, or prolonged activation of
calmodulin by Pb1* rather than by Ca1* would logically explain Ihe
increased spontaneous neurotransmitter released observed by many
investigators.

Protein kinase C (PKC) is not a single protein, but a family of iso-
zymes, most of which are calcium activated. Protein kinase C has a
profound effect on cell function, especially the regulation of cell growth
and differentiation. Markovac and Goldstein (I988a,n) demonstrated
that very low levels of lead substituted for calcium in the activation of
protein kinase C enzyme activity. Unfortunately, there is not a clear
understanding as to Ihe mechanism by which Ca2* activates protein
kinase C. Thus the exact biochemical mechanism by which lead acti-
vates PKC is only speculation. Nevertheless, the activation of PKC by
lead has been confirmed in several laboratories using other tissue or
cellular preparations, and thus different PKC isozyme patterns (Gold-
siein, 1993). Very high levels of lead which are not reasonably expected
in vivo are required to inhibit PKC activity. Current evidence correlates
activation of PKC activity with functional changes in brain microvuscular
formation in culture after activation by lead. Similar persistent changes
in neuronal activity could underlie the more subtle effects of lead on
neuronal function. Thus, the Pb?*-protein interactions with Ca?* receptor
proteins and other proteins, such as those of heme biosynthesis, are
beginning to be understood (Goering 1993).

Lead has diverse and complex actions on the calcium messenger
system, emphasizing Ihe importance of this pathway as a key molecular
and cellular target of lead toxicity. Although the effects of lead on these
cellular and molecular processes is clearly established, the causal link
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between these etTects and the subtle effects of chronic, low-level lead
exposure is difficult to define with experimental rigor.
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EPA (I986a) extensively reviewed the effects of lead on heme biosyn-
thesis and erythropoiesis. This report will summarize the EPA findings
and will describe new studies.

The various steps in heme biosynthesis affected by lead are depicted
in Figure 2-11. The activity of delta-aminolevulinic acid syntheiase.
ALA-S (the rule-limiting enzyme), is stimulated in various tissues in the
presence of lead intoxication. Stimulation of enzyme activity begins in
occur at a blood lead concentration of 40 /tg/dL (Meredith et al., 1978).
Accumulation of ALA in lead-exposed subjects occurs both by increased
della-ALA-S activity and by inhibition of activity of the extremely lead-
sensitive cytosolic enzyme porphohilinogen syntheiase (PBG-S, ALA
dehydratase |ALA-D|). Of the two sources of ALA accumulation, that
associated with ALA D activity inhibition is predominant. The threshold
for ALA-D inhibition is between 5 and 10 /ig/dL. ALA accumulation in
urine (ALA-U) has generally been assumed to begin in children and
adults with blood lead concentration of about 40 jtg/dL (e.g., NRC,
1972; EPA, I986a). Buildup in plasma (ALA-P) can occur at lower
blood lead concentrations (Meredith et al., 1978). Recent evidence
(Okayama et al., 1989) suggests that the accumulation rate depends on
the method of measurement of the metabolite; dose-response calculations
of accumulation of ALA in lead workers suggest a threshold of below 20
/ig/dL, on the basis of the more specific high-performance liquid chni
matography.

Another important step affected by lead is formation of heme from
protoporphyrin IX (erythrocyte protoporphyrin; zinc protoporphyrin) in
which insertion of iron is inhibited by both inhihitkm of activity of the
enzyme ferrochelatase (Piomelli, 1981; Posnett et al., 1988)and possibly
altered transport of iron intramitochondrially (Moore, 1988; Marcus and
Schwartz, 1987; Piomelli, 1981; Sassa et al., 1973). Lead-associated
accumulation of zinc protoporphyrin (ZPP) resembles that due to iron
deficiency in young children, and one must adjust for the presence ot
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iron deficiency when examining lead exposure. Accumulation of ZPP is
strongly and logarithmically correlated with blm>d lead concentrations in
both children (e.g., Piomelli et al., 1973, 1982; Lamola el al., 1975;
Roels et al., 1976) and adults (e.g., Grandjean and Lintrup, 1978; Lilis
et a)., 1978). The threshold for response in children is 15-20 ng/dL
(Piomelli et al., 1982; Hammond et al., 1985).

Lead-induced impairment of the body heme pool has a broad impact
on the entire organism, and this can be readily comprehended as an
effect-cascade scheme. In summary:

• Diminished hemoglobin biosynthesis leads eventually in a dose-
dependent manner to anemia (EPA, I986a; WHO, 1977; Schwartz et al,
1990). The threshold for lead's effect on hematocrit—based on analysis
of a group of 579 children's blood data—is approximately 20-25 ugAIL
(Schwartz et al., 1990).• Heme formation for hemoproteins in neural tissues can be affected.
disturbing normal brain-cell energy production (e.g., Whetsell el al..
1984; Holtzman et al., 1981).

• Lead disturbs heme-mediated formation of 1,25-(OH)2-vitamin D in
the kidney, and the disturbance can affect the many functions of vitamin
D in calcium balance and metabolism (Edelstein et al., 1984; Mahaffey
et al., I982h; Fowler et al., 1980).

• Other steps in the heme pathway disturbed by lead include the
accumulation of coproporphyrin in urine (CP-U) at an apparent blood
lead threshold of approximately 40 pg/dL, considerably above that tm
the steps already noted. This disturbance occurs only during lead intoxi-
cation (Piomelli and Graziano, 1980), in contrast to the delay observed
in ZPP changes.

In general, impairments of erythropoiesis and erythrocyte physiology
caused by lead exposure are considered to occur at relatively higher body
burdens—i.e., blood lead at or above approximately 40 ;xg/dL—than is
the case for effects on heme biosynthesis.

Iron-deficiency anemia in children is exacerbated by lead (Watson el
al., 1980; Yip et al., 1981); lead workers' hemoglobin concentration is
inversely and strongly correlated with blood lead concentrations at J
threshold of approximately 50 fig/dL. In children, as noted earlier. le*l
exposure affects hemalocrit at a blood-lead threshold of approximately
20-25 ;ig/dL (Schwartz et al., 1990).

Lead-associated anemia also occurs through direct damage to the

erylhrocyte, i.e., hemolylic anemia. This occurs through a combination
of increased erythrocyte fragility (Waldron, 1966), increased osmotic
resistance (e.g., Horiguchi et al., 1974), and impaired erythropoietic
pyrimidine metabolism (Valentine and Paglia, 1980; Angle and Mclntire,
1982).
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Recent studies document the impairment of vitamin D metabolism and
function by lead, and this suggests a risk of a toxic action of lead on the
many human bodily functions mediated by vitamin D, particularly during
development. Those functions are tabulated in Table 2-3. Two studies
of the toxic response in children have appeared in the literature (Rosen
et al., 1980; Mahaffey et al., 1982b). In the report of Rosen et al.
(1980), a group of lead-intoxicated children with blood lead concentra-
tions between 33 and 120 >ig/dL were observed to have had marked
decreases in circulating amounts of the vitamin D metabolite 1,25-(OH)2-
vitamin D. This association was most pronounced, in a dose-dependent
manner, at blood lead concentrations over 62 /ig/dL, but reductions were
still significant down to 33-55 pg/dL. The fact thai cheluiion therapy in
(he children returned l,25-(OH),-viiamin D to normal without affecting
the vitamin D hydroxylation in the kidney indicated thai activity of the
mitochondria! enzyme P-450 in the kidney might have been impaired.

A second investigation in children also documented a strong negative
correlation between blood lead concentrations and serum I,25-(OH)}-
vitamin D concentrations (Mahaffey el al., I982b). They found (hat the
slopes of the regression analysis lines for data subsets above and below
Mood lead of 30 /tg/dL were comparable for blood lead and 1 ,25-(OH)2-
viiamin D concentrations.

The decrements in circulating 1 ,25-(OH), -vitamin D seen by Rosen et
al. (1980) in the blood lead range of 33-55 jxg/dL are similar to those
seen in children with severe renal insufficiency (Rosen and Chesney.
1983). For the entire blood lead range of 33-120 ;<g/elL. the metabolite
reductions are similar to what is observed in vitamin D-dependenl rickets
(Type I), oxaloses, hormone-deficient hypoparuthyroidism, und alumi-
num intoxication (Rosen and Chesney, 1983).

Data on experimental animals support an effect of lead on biosynthesis
"f US (OH),-vitamin D. Smith et al (1981) observed decreases in the
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TABLE 2-3 Various Tissues, Cell Types, and Functions Modulated by
Vitamin D Hormone

Tissue Cell Type Function

Bone

Gastrointestinal tract

Mammary gland

Parathyroid gland

Pituitary gland

Heart

Skin

Kidney

Skeletal muscle

Pancreas

(continued, next page)

Osleoblasts

Enlerocyle

Mammary explants

Parathyroid

GH.C, pituitary cell

Cardiac muscle

Fibrohlasls, epidermal

Tubular cells

Myoblasts

P cells

Macrophage

Modulates cytosolic
Ca"

Bone remodeling

Mineral absorption

Calcium uptake

Phospholipid metabo-
lism

Prolaclin synthesis
Modulates cytosolic

Ca"

Calcium uptake

CGMO production

Phosphate reahsorplion

Calcium uptake

Insulin secretion

Phagocytosis
Modulation of proto-

oncogenes

plasma metabolite concentrations in rats given high doses of lead orally.
In chicks fed lead, a dose-dependent reduction in biosynthesis of the
dihydroxy hormone in the kidney and reduced concentrations in tissues
have been noted (Edelstein el al., 1984).

As can be seen in Table 2-3, 1,25-(OH),-vitamin D controls bone
remodeling and several other metabolic functions. Additional recently

TABLE 2-3 (CONT.)

Tissue Cell Type Function

Diverse

Diverse

Lymphocytes
HL-60 myeloid leuke-

mia cells
ROS osleosarcoma cells
Mononuclear cells
Epidermal cells
Cancer cell lines, mulli-

pie

Diverse

Modulates differenti-
ation and prolifera-
tion

Cell division
Cell-cell communication
Organization of cyto-

skelelon
Endocrine secretion
Neurotransmilter

release
Platelet release reaction
Exocrine secretion

characterized functions of this vitamin D were summarized hy Reichel et
al. (1989). l,25-(OH)j-vitamin D, for example, controls intestinal vesi-
cular calcium (Nemere and Norman, 1988) and modulates intracellular
calcium ion in mouse osteohlasts (Lieberherr, 1987), rut cardiac muscle
cells (Walters et al., 1987), and cultured mouse mammary gland (Mez-
zetti et al., 1988). Other test systems have also been investigated (Chis
olmet al., 1988; Sugimoto et al., 1988).

Collectively, a decrease in amounts of the dihydroxy metabolite can
potentially produce disturbances in the calcium messenger system and
cell functions controlled by calcium ion (Pounds and Rosen, 1988).

Immunoregulatory properties of the dihydroxy metabolite have been
noted (e.g., Iho et al., 1986), as has its role in growth and differentia-
tion of cell types other than those of bone (see, e.g., Barsony and Marx.
1988). Other newly revealed functions are shown in Table 2-3.

A number of studies have attempted to measure the functions affected
hy lead, and these are considered in the section of this chapter dealing
with molecular mechanisms of lead loxicity.



Virtually all the attention to lead as a major public-health problem
arises from its noncarcinogenic effects in humans and experimental
animals. But questions have been raised about lead carcinogenieity and
the topic is briefly summarized here. Available data are from occupa-
tional epidemiologic studies, short- and long-term experimental-animal
tests, and biochemical and in vitro assessments of lead compounds.

Various studies (Hiasa et al., 1983; Shirai el al., 1984; Tanner and
Lipsky, 1984) have shown that dietary exposure to lead acetate at rela-
tively high doses increases the development of renal cancer caused by
several known organic renal carcinogens in rats. Hiasa et al. (1983)
studied the promoting effects of a diet containing I % lead acetate on the
development of renal tubule-cell tumors after earlier exposure to W-ethyl-
A/-hydroxyl nitrosamine. They found a 70% incidence of renal tumors
in animals given lead acetate and the nitrosamine at 32 weeks and mi
increase of tumors in animals given either compound alone. Similar
results with the nitrosamine were reported by Shirai et al. (1984), who
concluded that lead acetate acted as a promoter, and with JV-(4'-fluoro-4-
biphenyl)acetamide by Tanner and Lipsky (1984), who demonstrated that
lead acetate accelerated the onset and development of kidney tumors in
rats after chronic exposure.

Kasprzak et al., (1985) used a diet containing 1% lead acetate and
supplemented with calcium acetate at 0-6% and showed that addition of
calcium acetate to the diet tended to increase the incidence of renal
tumors after 58 weeks of lead acetate exposure from 45% to 71%, hut
decreased the accumulation of lead in the kidneys.

The overall results indicate that lead can act both as a renal carcino-
gen in rodents and as a promoter of renal carcinogenesis caused by other
organic renal carcinogens. The exact minimal doses of lead required to
produce the effects are unknown.

About a dozen occupational studies have considered lead exposure
versus various types of cancers in such work categories as battery
recycling, lead smelting, alkyl lead manufacturing, plumbing, and
pipelining. EPA (1986a) has examined the older studies, and they have
been augmented by those of Fanning (1988) for battery operations.
Gerhardsson et al. (1986) for alkyl lead production, and Cantor et al
(1986) for plumbing and pipetltting.

Results of some studies suggest a renal-cancer risk (Selevan et al.,
1985; Cantor et al., 1986), but results of others do not (e.g., Cooper et
al., 1985). In some cases (Selevan et al., 1988), an association with
duration of exposure added plausibility to the findings.

In contrast, results of numerous animal studies strongly support a
renal-cancer potential for soluble lead salts (see EPA, I986a; IARC,
1980, 1987), and at least 12 long-term studies (with various rat strains,
a mouse strain, and both males and females) documented induction of
renal tumors when animals were fed either lead acetate or subacetate
(soluble forms of lead). Those animal data meet EPA's criteria for
sufficient evidence of carcinogenieity, as published in "Guidelines for
Carcinogen Risk Assessment" (EPA, 1986b).

The mechanism of lead carcinogenieity in laboratory animals remains
unclear. Lead is not mutagenic in most test systems, but it has been
shown to be cjastogenic, reducing the fidelity of DNA rep.iir polymer-
ises. As described above, lead compounds are also mitogens in rodent
kidneys and have been shown to act as tumor promoters and co-carcino-
gens in various experimental studies. The inconclusive human data and
established animal carcinogenieity led to a classification of lead as a
probable human carcinogen (IARC, 1980, 1987) and an EPA carcinogen
ranking of Group B2 (EPA, I986b). Since the U.S. population has an
exposure of approximately I /ig/kg of body weight per day, the EPA
method for extrapolating animal data to humans could be used to esti-
mate a lifetime cancer risk for lead of approximately 10'. Of course,
the cancer risks would vary, depending on the extent of exposure if the
linearized extrapolation is appropriate for lead based on biology. The
R::r.;;:cirmgenic effects of lead remain of predominant interest in sensi-
tive populations, but the potential carcinogenic effects of lead should be
considered as new information becomes available.

N«>i»lirM>nfliy

The question arises whether lead has suhclinical renal effects, as
would be expected, given the array of toxic effects on other organ
systems. Several obstacles frustrate efforts to answer (he question
epidemiologically or experimentally. First, there is a marked reserve
capacity of the kidney to function in the face of toxic insult. It might be
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some time before the reserve capacity is depleted when people are
exposed to large concentrations; this has been shown in workers occupa-
tionally exposed to lead. Second, we do not know the mechanisms of
nephrotoxic events at the cellular or subcellular level, e.g., in the proxi-
mal renal tubules. Finally, there is a dearth of biologic markers specific
for lead's nephrotoxic action.

Previous studies (Viclery et al., 1984) have shown that lead-kin
uptake in proximal renal tubule cells occurs via membrane binding or
passive diffusion. Consequently, it is the kidney's imracellular handling
of lead that defines the nephrotoxic dose-response relations tor lead
toxicity.

One can look to several kinds of experimental studies to garner clues
as to what is occurring in humans who have subclinical lead exposures
Of particular interest are data on leadbinding proteins in experimental
systems.

Oskarsson et al. (1982) showed that the lead-binding patterns in rat
kidneys and brain, major target organs for lead toxicity, were consistent
with binding to two proteins, which might thus be factors in the imracel-
lular handling and availability of lead. Goering and Fowler (1984,1985)
showed that the inhibition of PBG-S (ALA-D) activity in the rat kidney
is mediated by both lead biochelation and zinc availability; the former
perhaps helps not only to account for relative resistance to lead in kidney
PBG-S (Fowler et al., 1980; Oskarsson and Fowler, I985a), a cytosolic
enzyme otherwise quite sensitive to lead in other tissue (Fowler et al..
1980; Oskarsson and Fowler, I985a), but such sequestration are linked
to the presence of the lead binding proteins. ALA-S and ferrochelatase
function were not, however, protected. These observations suggested
that either other molecules or the lead-binding proteins were facilitating
the mitochondria! uptake of lead, because the mitochondria! inner mem-
brane has previously been shown (Oskarsson and Fowler, !98Sa,b) to he
highly impermeable to lead in vitro (Oskarsson and Fowler, 1987)
Studies of Mistry et al. (1985) show a high affinity of these proteins tor
lead; other data (Fowler et al., 1985; Mistry et al., 1986; Shelton et al..
1986) indicate that they play a role in the intranuclear transport of lead
and in lead-induced changes in renal gene expression and that their
biologically active form is a cleavage fragment of alpha-2-microglohuhn
in the retinol-hinding protein family (Fowler and DuVal, 1991) lh*
undergoes aggregation, at least in vitro (DuVal and Fowler. 1989).

With experimental exposures to mercury (Woods and Fowler, 1977;
Woods et al., 1984) or inorganic oxyarsenic (Woods and Fowler, 1978;
Mahaffey el al., 1981), the resulting porphyrinuria appears to be derived
from injury to the kidney itself. Other data are consistent with a lead-
associated effect on renal heme formation. Ferrochelatase inhibition (a
mechanism of erythrocyle protoporphyrin accumulation) occurs in the
kidney (Fowler et al., 1980). The kidney is relatively rich in porphyrins
(Zawirska and Medras, 1972; Maines and Kappas, 1977), and lead
appears to inhibit the heme-requiring kidney 1-hydroxylase enzyme
system (Rosen and Chesney, 1983; Reichel et al., 1989); one function of
this system is the formation of 1.25-(OH)rvitamin D, the hormonal
metabolite of vitamin D. Short-term experimental-animal studies with
intravenous lead have shown a high correlation between formation and
dissolution of lead inclusion bodies in renal tubule cells and changes in
total and specific gene regulation at these sites. Such changes in regula-
tion are to be found in various suhcellular fractions—mitochondria!,
microsomal, cytosolic, and lysosomal fractions with a specific response
for each organelle compartment (Mislry el al., 1987).

Chronic exposures in experimental animals have produced similar
results with regard to lead induction of specific stress proteins. Compar-
isons of such data with morphomelric analyses of tubule cell populations
and elTects on heme biosynthesis might permit determination of which
biologic markers are of greater ut i l i ty in delineating specific lead-induced
changes in cell functions.

Knowledge of the intracellular handling of lead in target tissues, such
as (he kidney and brain, is essential to an understanding of the mecha-
nisms of lead (oxicity in target cell populations in lhe.se tissues. Soluble,
high-affinity lead-binding proteins in the kidney and brain of rats were
first reported by Oskarsson et al. (1982). Those molecules were not
identified in other nonlarget tissues, so they might play a role in lead
liuicity in these organs at low doses. Later studies (Goering and Fowl-
er, 1984, 1985; Goering el al., 1986) demonstrated thai semipurilleJ
preparations of the proteins play a major role in mediating lead inhibition
»t the heme biosynthelic pathway enzyme alpha-aminolevulinic acid
dehydratase (porphobilinogen synthetase). Other studies (Mistry et al ,
1985, 1986) demonstrated that the kidney lead-binding proteins had a
high affinity for lead and were capable of facilitating (he cell-free nuclear
iranslocalion and chromalin binding of *"Pb Those molecules thus



appear to act as "receptors" for lead and to regulate its intranuclear
uptake, chromatin binding, and changes in proximal tubule cell gene
expression (Fowler et al., 1985; Shelton et al., 1986; Mistry et al.
1987; Hitzfeld et al.. 1989; Klann and Shelton, 1989).

More recent studies (DuVal et al., 1989; Fowler and DuVal, 1991)
have identified the renal lead-binding protein as a cleaved form of the
protein alpha-2-microglobulin that locks the first 9-nitrogen-terminal
residue and shown that the brain lead-binding protein is a chemically
similar protein that is rich in aspartic and glutamic amino acids, hut
immunologically distinct. It appears that it is the cleared form of the
alpha-2-microglobulin that is biologically active. Western blot studies
(DuVal et al., 1989) have shown that that protein undergoes aggregation
after in vitro exposure to lead. The data suggest that the protein can
play an early role in the formation of the pathognomonic cytoplasmic and
intranuclear lead inclusion bodies. The inclusion bodies are the main
intracellular storage sites for lead in proximal tubule cells after increased
or chronic lead exposure (Goyer and Rhyne, 1973; Moore et al., 1973;
Fowler et al., 1980; Shelton and Egle 1982; Oskarsson and Fowler
1985a,h; Klann and Shelton 1989).

Previous studies have shown a marked kidney-specific macromolecular
binding pattern for lead in renal proximal tubule cells. The binding is
followed by several undefined intracellular events that result in the
presence of large quantities of lead in renal proximal tubule cell nuclei.
The precise sequence of events and relationships to other intracellular
lead species have not been completely studied. Such data are central in
an understanding of the bioavailahility of lead to sensitive cellular
processes. The bioactive lead species thus might be centrally involved
in the mechanisms of toxicity. Further studies of how lead reacts with
them should permit their use as biologic indicators of lead-induced
nephropathy, provided that they are excreted in urine. Lead-induced
alterations of renal gene expression (Fowler el al., I98S; Mistry et al.,
1986; Shelton et al., 1986; Herberson el al., 1987; Hitzfeld et al., 1989)
and inhibition of renal heme biosynthetic pathway enzymes with atten-
dant development of metal-specific porphyrinuria patterns (Mahaffey ami
Fowler, 1977; Mahaffey et al., 1981) are examples of sensitive biochem-
ical systems. Such responses have great potential as biologic indicators
of nephropathy, once their relation to the pathophysiology of lead ne-
phropathy is understood.

Exposure of various sensitive populations to lead induces a wide
variety of adverse effects—in the central nervous system of children and
fetuses, in various growth indexes of children, in the cardiovascular
system of older people, in heme synthesis, and in calcium homeostasis
and function. LOELs (lowest-observed-effect levels) for various lead
effects are summarized in Table 2-4 for children and Table 2-5 tor
adults.

The weight of the evidence gathered during the 1980s clearly supports
the conclusion that the central and peripheral nervous systems of both
children and adults are demonstrably affected by lead at exposures
formerly thought to be well within the safe range. In children, blood
lead concentrations around 10 /ig/dL are associated with disturbances in
early physical and mental growth and in later intellectual functioning and
academic achievement. Studies of electrophysiologic end points have
suggested some of the changes in brain function that might mediate the
apparent effects.

Despite impressive advances over the last decade in the methodologic
rigor of studies of lead exposure and nervous system function, epidemi-
ology remains limited by opportunity. Therefore, animal studies are
critical for interpreting the human data. Factors that an epidemiologist
must take account of with statistical analysis (an inevitably imperfect
process) can be controlled experimentally with animals. For example,
the influence of socioeconomic factors on performance can be eliminat-
ed, and the importance of timing, dose, and duration of exposure can be
evaluated more precisely.

The extensive evidence gathered in animal studies cannot be reviewed
here, but some themes warrant enumeration. First, primates exposed to
sufficient lead to produce a blood lead concentration of 25 /xg/dL or less
manifest a variety of memory, learning, and attentions! deficits resem-
bling those observed in humans. Second, the deficits appear to he
permanent; they are evident for as long as 10 years in animals whose
Mood lead is maintained at approximately 15 jig/JL Third, striking
concordance of the human and animal data weighs heavily in favor of the
hypothesis that low-dose lead exposure is responsible for some of the
developmental and cognitive deficits observed in humans. Many of the



TABU 2-4 Lowest-Observed-Effect Levels of Blood Lead for Effects in Children

LOEL, Mg/dL

<10 10 15
(prenatal and
postnatal)

15-20

<25

30

40

70

80-100

Neurologic Effects

Deficits in neurobehavioral
development (Bay ley and
McCarthy Scales), electro-
phvsiologic changes, °and lower
IQ"

Longer reaction time (studied
cross-sectionally)*'*

Slower nen'e conduction'

Peripheral neuropathies"

Encephalopathy"

Heme-Synthesis Effects

ALA-D inhibition'

Erythrocyte protoporphyrin
increase"

Reduced hematocnt
(reduced Hb)f

Increasing CP-U and ALA-
U'

Frank anemia"

Other Effects

Reduced gestational age and
birthweight; reduced size up to age
7-8 yr***

Impaired vitamin D metabolism, Py-
5'-N inhibition"

Colic, other gastrointestinal effects,
kidney effects'

•Data from CDC, 1991
"Data from EPA. I990a,b
"Data from Bellmger et al., 1992

'Data from Dietnch et al., 1993a.
•Data from ATSDR. 1988.
t>ala from Schwartz et al.. 1990.
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LOEL, Mg/dL

10-15

15-20

25-30

40

50

Home Synthesis
and Hematologic Neurologic
Effects Effects Renal Effects

Reproductive
Effects

ALA-D inhibition

Erythrocyie
protoporphyrin
increase in
females

Erythrocyte
protoporphyrin
increase in males
Increased ALA-U Peripheral nerve
and CP-U dysfunction

(slower nen'e
conduction)

Cardiovascular
Effects

Reduced
hemoglobin
production

Overt suben-
cephalopathic
neurologic symp-
toms

Altered testicular
function

Increased blood
pressure



neurodevelopmental and possibly other toxic effects resulting from lead
exposure might not be reversible. It is important to distinguish two
aspects of reversibility. The first pertains to biologic plasticity, specifi-
cally an organism's ability to repair damage and recover functional
capacity. The second pertains to the reality of exposure patterns.
Impairment might persist, regardless of an organism's capacity for
recovery, as long as exposure is maintained. In a practical sense, the
impairment is irreversible. Therefore, the fact that an adverse effect is
reversible in the biologic sense does not necessarily mean that it is
without potential public-health importance. The key issue is whether
exposure is reduced, and expression of an organism's recovery capacities
thus permitted.

This chapter documents that lead induces measurable increases in
diastolic and systolic blood pressure in human populations and in experi-
mental-animal models of environmentally induced blood-pressure chang-
es.

Lead exposure is not the only risk factor for hypertension, hut is more
amenable to reduction or prevention than behavioral factors that are
refractory to change. Furthermore, the relation of lead to blood pressure
persists across a dose-effect continuum, so reducing lend exposure of all
magnitudes has public-health and societal ramifications. Lead's impact
is noteworthy also because of the importance of associated cardiovascular
morbidity and mortality, even for an agent that contributes less than a
major risk.

Through various processes, including toxicokinetic and intracellular
disturbances, lead impairs calcium homeostasis and functions. The
importance of impacts on calcium is that they impair calcium's central
role in multiple cellular processes.

Lead produces a cascade of effects on the home body pool and affects
heme synthesis. Some of the effects serve as early measures of body
lead burden.

Lead effects on cognition and other neurobehavioral measures need to
he evaluated on a population-wide, as well as individual, basis. This
evaluation should account for the whole statistical distribution of expo-
sures and associated toxicity.

Unfortunately, the direct identification and linkage of the critical and
sensitive biological processes which are targets lor these effects remains
Îtalory. There are many reasons why our ability In define the mecha-



nism(s) of action for lead toxicity lags behind our ability to detect and
quantify the toxicological effects. In addition to the difficulties in
defining a mechanism of action as discussed above, these reasons in-
clude:

1. Lead is a catholic toxicant producing adverse effects in most tissues
and organs of the body, with a parallel effects on multiple organelles and
metabolic processes. This situation makes it extremely difficult to
identify and isolate the critical process(s) with sufficient experimental
rigor.

2. There is frequently a long delay between the onset of lead exposure
and the development of toxic manifestations, impairing identification of
causal relationships between functional and cellular or biochemical
events.

3. Lead causes nonspecific, decremental loss of tissue and organ func-
tion, with no important pathognomonic manifestations of toxicity.

4. The multifactorial nature of the toxicity in the nervous, cardiovis
cular, skeletal and other organ systems complicate establishing causal
relationships between cellular and molecular processes and organ dys-
function.

Nevertheless, these difficulties do not diminish the importance or
necessity of these efforts. Continued efforts must he nude to bridge ex-
perimental animal and human studies, at all level of analysis, and in
integrate the biochemical and molecular events impacting function at the
level of the whole organisms.

Lead Exposure
of Sensitive Populations

A complete assessment of exposure in sensitive populations requires
knowledge of the sources of exposure. That is especially important for
lead: it has multiple sources, and knowledge of them helps to define
exposure to lead and to identify sensitive populations.

The conventional approach to identifying lead exposure in a popula-
tion has heen to attribute lead intoxication to single sources of lead at
high concentrations, such as leaded paint. However, current under-
standing calls for a more comprehensive view. First, there is a growing
consensus that lead induces a continuum of toxic effects in humans,
starting with small exposures thai cause subtle, hut important, early
effects. Our understanding of what constitutes a safe exposure has
increased; as a result, the upper limit of a sate lead content in blood has
declined to one-sixth to one-fourth of what it was in a matter of a lew
decades. Second, once lead is absorbed from a specific source, it is
added to a body burden that contributes to various health effects.
Therefore, exposures small enough to have been viewed as of little
importance now are taken more seriously. In other words, we must
consider (he aggregate impact of multiple small lead sources in assess-
ing health risk.

This chapter is divided into three sections. The first provides a his
lorical perspective on lead contamination, addressing such topics as
natural concentrations uf environmental lead and the chronologic recoi J
of anthropogenic contamination willi lead. The second section discusses
the major current sources and pathways of lead exposure in sensitive
populations, including paint, air. dust and soil, and drinking water and



food. The section includes a brief discussion of occupational lead
exposure and ends with sources that can produce large, but not neces-
sarily pervasive, exposure, such as improperly lead-glazed food and
beverage containers and lead-based ethnic medicinal preparations. The
chapter concludes with a detailed summary.
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Lead production dates to the discovery of cupellation—a meiallurgic
process for separating silver from lead ores—some 5,000 years ago
(Nriagu, !985a). However, such anthropologic artifacts as the lead
beads in the Hittile ruins of Catal Hiiyiick from 6500 BC and the lead
statuette faun the temple of Osiris in Ahydos from 3000 BC reveal
earlier uses of lead.

The historical record of industrial lead production over the last 5,000
years is illustrated in Figure 3-1. The current production rate is ap-
proximately 3.4 million metric tons per year (U.S. Bureau of Mines.
1989). The total amount of lead mined over the last 5,000 years is
estimated to be 300 million metric Ions (Flegal and Smith, 1992).

Lead has a long history of wide use. A lead glaze in a Babylonian
tablet from 1700 BC has been described; these glazes had become
common in China during the Chou Dynasty of 1122-256 BC. In the
Roman Empire, lead was used in cooking pots and other utensils, in
syrups, in beverage adulterants (e.g., sapa), in medicines, and in the
construction of pipes and cisterns to transport water (Nriagu, I983h)
The wide use of lead for the latter explains the word plumbing (from
the Latin plumbum, lead). Lead was so pervasive during that period
that there is little doubt that lead poisoning was endemic in the Roman
population. In fact, it has been speculated (Gilfillan, 1965; Nriagu.
I983b) that chronic lead poisoning contributed substantially to the
decline of the Roman l-mpire.

One of the environmental tragedies of thai period is that, despite
some Romans' recognition of the societal problems associated with lead
toxicily, awareness did not restrict its use. For example, Viiruviu<
(Nriagu, 1985h) observed:
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Water supply by earthen pipes has advantages. First, if any fault occurs in
the work, anybody can repair it. Again, water is much more wholesome from
earthenware pipes than from lead pipes, for it seems lo be made injurious by
lead because some while lead is produced from it; and this is said lo be harm-
ful to the human body. Thus if what is produced by anything is injurious, it is
not doubtful but thai the thing is not wholesome in itself.

We can take example by workers in lead who have complexions affected by
pallor. For when, in casting, the lead receives the current of air, the fumes
from it occupy the members of the body, and burning then thereupon, robs the
limbs of the virtues of the blood. Therefore, it seems that water should not he
brought in lead pipes if we desire lo have it wholesome.

Current uses of lead are much more extensive. It is still used in
some glazes, eating utensils, folk medicines, and plumbing. It is also
used in paint pigments, solders, wall and window construction, cosme
tics, sheeting of ships, roofs, guttering, containers, sealants, protective
coalings, printing type, insecticides, batteries, plastics, lubricants,
ceramics, machine alloys, and gasoline additives (NRC, 1980; EPA.
1986a).

The amount of contaminating lead released into the environment
closely parallels the record of lead production over the last 5,000 years
Approximately half the lead produced is released into the environment
as contamination (NRC, 1980). Current production is about 3.4 million
metric tons per year, and current lead release is about 1.6 million
metric tons per year. About ISO million metric tons of lead has been
released into the environment in the last 5,000 years. The latter value.
total release, is probably closer to the total amount of lead put lo use.
approximately 300 million metric tons, inasmuch as the element is
indestructible and cannot be transformed into an innocuous form.

Much of the lead released into the environment is emitted into the
atmosphere (about 330,000 metric tons/year) (Nriagu and Pacyna.
1988). Those releases are currently dominated by emissions from
leaded gasoline (over 248,000 metric tons/year), but emissions from
other sources—including coal and oil combustion, mining, manufactur-
ing, incineration, fertilizers, cement production, and wood combus-
tion—are substantial (Table 3-1). In fact, the latter exceed emissions
of most other contaminants by orders of magnitude.

The magnitude of industrial emissions of lead i.s illustrated by com-
parisons with natural emissions of lead and other contaminants. The

TABLE 3-1 Worldwide Emissions of Lead to the Environment. 1983"

Source Amount, 10' kg/yr

Coal combustion
Oil combustion
Mining
Manufacturing
Incineration
Fertilizers
Cement production
Wood combustion
Leaded gasoline
Miscellaneous

Total

1,765-14.550
948-3.890
30,060-69,640
1,065-14,200
1,640-3.100
55-274
18-14,240
1,200-3,000
248.030
3.900-5,100

288,700-376,000

•Data from Nriagu and Pacyna, 1988.

sum of industrial lead emissions is approximately 700 limes the sum of
natural emissions of lead into the atmosphere (Patterson and Settle,
1987; Nriagu, 1989). Emission of industrial lead aerosols to land and
aquatic ecosystems is now predominant. It accounts for approximately
15-20% (202,000-263.000 metric tons/year) of the total anthropogenic
emission of lead to land (approximately 1,350,000 metric tons/year) and
approximately 63-82% (87,000-113,000 metric Ions/year) of the total
lead that enters aquatic ecosystems (approximately 138,000 metric tons/
year) (Nriagu and Pacyna, 1988).

The historical record of atmospheric emissions of industrial lend
aerosols has been measured in the environment by various investigators
(Figure 3-2). It was initially documented by the 230-fold increase in
lead deposition rates in Greenland ice cores over the last 3,000 years,
from 0.03 ng/cmz per year in prehistoric ice cores (800 DC) to about 7
ng/cm2 per year in contemporary ice cores (Murozumi el al.. 1969; Ng
>nd Patterson, 1981; Woltf and I'eel. 1985). Comparable increases in
(he Northern Hemisphere have since been documented in pond and Like



sediments (Lee and Tallis, 1973; Edgington and Robbins, 1976 Rob-
bins, 1978; Liven et al., 1979; Shirahata et al., 1980; Davis et al
1982) the oceans (Schaule and Patterson, 1981 1983 Flecal ami
Patterson, 1983; Boyle et al., 1986), pelagic sediments (Veron et al
1987; Hamel.n et al.. 1988), and marine corals (Shen and Boyle 1988)'

Smaller increases by a factor of 2-5 have been detected in Antarctic
ice cores (Boulron and Patterson, 1983, 1986; Patterson et al 1987)
and in the South Pacific (Flegal and Patterson, 1983 Flegal '|986)
Ite contrast reflects the localization of 90% of lead emissions in the
northern hemisphere and the short residence time (10 days) of lead
aerosols relative to the inlerhemispheric mixing rale of 1-2 years (Ture-
kian, 1977; Flegal and Paiterson, 1983).

Other releases of lead to the land range from 540 000 to I 700 000
metric tons/year (Nriagu and Pacyna, 1988). These include industrial
lead from commercial wastes, smelter wastes, and mine tailings (each
appr.mma.ely 300.000 metric tons/year); fly ash (approximately
140,000 metric tons/year); urhan refuse (approximately 40.000 metric
urns/year); agricultural wastes (approximately 14.000 metric tons/year)
animal wastes (approximately 12,000 metric tons/year); solid wastes
(approximately 8,000 metric tons/year); wood wastes (approximately
7.000 metric tons/year); municipal sewage sludge (approximately 6 000
metric tons/year); peat (approximately 2,000 metric tons/year) 'and
fertilizers (approximately 1,000 metric tons/year). Many of those are
projected to increase and become, at least relatively, more imnortam
with the reduction in atmospheric emission of gasoline lead

Nonaimospheric input of industrial lead into aquatic ecosystems is

r^r;^nS±SUhSti"ltial (Nria8U a"d Pai;yna- I988> " ra"K<" *"'»O.UUU to 50,000 metric tons/year and includes lead from manufacturini;
approximately 14,000 metric tons/year), sewage sludge (approximately

*.WU metric tons/year), domestic wastewater (approximately 7 000
memo tons/year), smelting and refining (approximately 6,000 metric
««K/year), and mining (1,000 metric Ions/year).

Lead contamination in urhan areas is often much greater than in
«mote areas (Table 3-2). That is due to the extensive use of lead in
.Wustrial processes and the relatively limi.ed mobility of a sizable
wtmn ot this lead. Long-distance transport of a fraction of ihe lead lo

atmosphere also occurs. Terrestrial, aeolian, and fluvial gradients
that most of the lead emitted in urhan areas has remained as a
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cootaminant in those areas (Huntzicker et al., 1975; Roberts, 1975;
Ragaini el al., 1977; Biggins and Harrison, 1979; Palmer and Kucera,
1980; Harrison and Williams, 1982; Ng and Patterson, 1982; Elbaz-
Pnulkhet et al., 1984; Flegal et al., 1989). For example, in the Great
Lakes (Flegal et al., 1989). surface-water lead concentrations in the
highly industrialized Hamilton harbor (290 pmol/kg) are nearly 50 times
higher than those of some offshore waters in Lake Ontario (6.5 pmol/
kg). Complementary stable lead-isotope composition measurements
show that essentially all (over 99%) of that lead, in even the most
remote regions of Lake Ontario and Lake Erie, is derived from releases
nf industrial lead from Canada and the United States.

Those measurements are consistent with those in numerous other
studies that have shown the pandemic scale of lead contamination,
which has increased lead concentrations throughout the Northern Hemi-
sphere by a factor of al least 10. Lead concentrations in the atmosphere
ire now 100 times natural concentrations (Palterson and Settle, 1987).
Lead concentrations in remote surface waters of the North Pacific and
the North Atlantic are at least 10 times natural concentrations (Flegal
iml Patterson, 1983; Boyle et al., 1986). Lead concentrations in terres-
trial organisms are 100 times natural concentrations (Elias et al., 1982).

Studies incorporating rigorous trace-metal analysis have shown that
the natural background lead concentration of North American Indians in
pre-Columbian times was 0.3 mg per 70-kg adult (Patlerson et al.,
1917; Ericson et al., 1991). The body of an average North American
urban adult contains 100-1,000 times as much lead.

Some uses of lead are being reduced in the United Slates and other
countries in response to growing concern over pervasive lead loxicily
even at low exposures. For example, lead in gasoline has been de-
creased in recent decades (Figure 3-3). as noted widely (EPA, I986a;
Nriagu, 1990). The United States has also seen a major reduction in
the use of lead-soldered cans for foods and beverages (EPA, I986a;
ATSDR, 1988); lead in such containers can increase food lead content
ty a factor of up to 4,000 over the lead content of fresh food (Settle and
Palterson, 1980).

The dispersion of industrial lead is not constrained by national boun-
daries. For example, stable-isotope composition measurements, which
tan identify specific sources of industrial lead, have shown that industri-
al lead from Canada and the United States is transported across the

i
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Great Lakes (Flegal el al., 1989). Similar analyses have documented
that over 95% of the lead in the North Pacific represents deposition of
Asian and North American industrial lead aerosols (Figure 3-4).

Midi 1C IIAT>
tINMIIVI

This chapter presents a general picture of the common modes of
human exposure to lead— through leaded paint, air (which it enters
from leaded gasoline and stationary emission), dust and soil, tap water,
the workplace, and miscellaneous sources. Many of the sources and
pathways of lead exposure are connected in ways that complicate
exposure analysis and frustrate reduction and removal strategies (Figure
15), in this regard, lead in the air, lead in paint, and lead in drinking
water are of particular concern.

K'.ul inl aint

Lead-based paint in and around U.S. urban housing has long been
recognized as a serious and pervasive source of lead poisoning of young
children. It also accounts for exposure to lead through its appearance in
Just and soils. This source of lead poisoning has expanded to include
workers in housing-lead abatement and homeowners who attempt
rehabilitation of old housing. It also affects such workers as salvagers,
construction crews, and marine maintenance staff who encounter mobi-
lized lead in burning, cutting, chipping, and grinding.

ami

Lead compounds have served as pigments for painting media tor
millennia; for example, the use of while lead pigment — basic lead
carbonate— dates to prehistoric limes (Friedstein, 1981). Older leaded
piints included a linseed-oil vehicle plus a leud-hased pigment and in
^'me cases a long-chain fatty acid and a lead-based drying catalyst, or
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FlC.LRF, 3-4 Movement of industrial lead aerosols to northeast Pacific Ocean from Asian and North American sources.
Source: AJupled from I U >.••! »nj Slukis. 1Q87.

FIGURE 3-5 Sources and pathways of lead from environment to humans. Source: Adapted from EPA, I986a,
Vol. II.



II* •I IKAIMM

drier, commonly an organic acid salt of lead. Use as pigment account
ed for most of the lead present in older paints. Pigment lead concentra
tions were high in paints marketed and used before the 1940s; fraction
in the final dry Him were up to approximately 50% (CDC, 1985).

Physical properties of lead-based paints were such as to lead to their
widespread use in homes, in public facilities, and in industrial sites
The most common pigment, basic lead carbonate (2PbCOjPb(OH),i.
reacted with other paint components to yield a flexible, durable lead
soap film. The surface would have excellent durability (weathering)
characteristics, but would eventually age, i.e., would either peel ur
undergo weathering and interior shedding or chalking. Aging yields
paint chips and a constantly renewing surface with concomitant disper
sion of the older leaded film as, a leaded dust on nearby surfaces.

The period during which leaded paint had the highest amounts of loJ
and posed the worst toxicity risk in the United States was from around
1875 to the 1940s, when other pigments, such as titanium dioxide
began entering the paint market (e.g., Farfel, I98S). Lead was used in
residential paints throughout the 1800s, and it has been estimate
(ATSDR, 1988) that 3 million metric tons of lead in various old painn
persist in old housing and public facilities in the United Stales. Lead
has been used in other pigments, e.g., as lead oxide and lead chromaie

al rharart«rKlir* <>f

Given the pervasive nature of leaded paint in homes, elememan
schools, day-care centers, etc., and the normal oral exploratory hehav
ior of very young children, it is logical for leaded paint to be a major
source of lead for young children. Young children, especially toddlers.
can ingest fallen or peelahle chips of leaded paint, gnaw intact le*l
painted woodwork, and ingest leaded paint dispersed in soils or indu<t>
adhering to hands. Household-paint dust can also be entrained into the
breathing zone of toddlers and inhaled.

Scorn; of Ui« rr«l»l«m
In the United Slates, the distribution of paint lead in housing is >

TAlLE 3-3 Estimated Numbers of Children Under 7 Years Old Residing in
Uad-Based-Paint U.S. Housing, by Date of Construction

Cooslniction Dale No. Lead-Based-Painl Homes No. Children

Prt-1940
IMO-1959
1460-1974
Tod pre-1975

20.SOS.OOO
16.141,000
5,318,000
41,964.000

5,885,000
4.632,000
1. 526.000
12.043,000

Source: Adapted from ATSDR. 1988. Data from Pope, 1986.

function of housing age, as shown in Table 3-3 (ATSDR, 1988), which
ilso shows numbers of children in housing of different ages (derived
from U.S. Bureau of the Census enumerations). In Table 3-3, the
national estimate for the number of all housing units having paint with
lead at or above the detection minimum of 0.7 mg/cm2 is approximately
42 million, about 52% of the entire U.S. housing inventory. Of the 42
million, approximately 21 million units were built before 1940.

The number of children under 7 years old in lead-based-paint housing
i* about 12 million, of whom approximately 6 million live in the oldest
units, which have the highest concentrations of lead in paint. It has
Undetermined (ATSDR, 1988) that 4.4 million metropolitan children
'.hildren in 318 U.S. Standard Metropolitan Statistical Areas) 0.5-5
tears old live in the oldest housing.

The percentages of housing with leaded paint by date of construction
at pre-1940, 99%; 1940-1959, 70%; and 1959-1974, 20% (Pope,
1986). The oldest housing group also had the highest percentages of
lad in paint formulations; percentages declined afterward (EPA, 1986a;
ATSDR, 1988). The oldest U.S. housing is lo be found in the older
»<K of the nation. Figure 3-6 shows that the northeastern and mid-
»«siern areas of the nation have the highest percentages of pre-1940
fusing.

In 1989-1990, the U.S. Department of Housing and Urban Develop-
ment (HUD) conducted a survey to estimate better the extent of the
!adtased-paint hazard in the U.S. housing stock (HUD. 1990).
Inning the 77 million privately owned and occupied homes in the



United Stales built before 1980, 57 million contained lead-based paint
(defined as paint lead concentrations of at least 1.0 mg/crn2). Families
with children under 7 years old occupied an estimated 9.9 million ot'lhe
57 million; the 9.9 million included 3.7 million units with deteriorating
(e.g., peeling) lead-based paint. 'I lie HUD survey provided additional
detail on Ihe location of the lead-based paint. Of the 57 million units
with lead-based paint, 18 million had the paint only on exterior surg-
es, 1 1 million only on interior surfaces, and 28 million on both.

Pope (1986) also determined (Table 3-4) from U.S. Bureau of the
Census (1986) housing-survey data that about 6.2 million U.S. housing
units are deteriorating and have leaded paint in unacceptable amounts.
(As seen in Table 3-4, almost I million of these units were of pre-1940
construction.) Some 1 .8 million children under 7 years old live in those
units. Of these, 1.2 million are estimated by ATSDR (1988) to have
blixxJ lead concentrations over 15

• Case reports and cane series. As noted in reports from ATSDR
(1988) and NRC (1972), the clinical literature of the last 60 years is
full of case reports and reviews documenting severe lead poisoning of
young children — laboratory evidence of lead in Mood, paint chips in
Ihe gastrointestinal tract, and no concurrent environmental evidence ot
other sources of lead exposure.

• Field epidemiology. A particularly comprehensive data set, quanti-
tatively linking child screening populations to leaded paint, is that from
the 1976-1980 screening of children for lead poisoning in Chicago and
the accompanying assessment of 80,000 housing units for the presence
of leaded paint (Annest and Mahaffey, 1984). Schwartz and Levin
(1991) analyzed the data and estimated a relative risk of approximately
IS for lead toxicity in summer months for children who resided in
homes with leaded paint.

• Research epidemiology. Numerous site-specific epidemiologif
studies have been critically evaluated (e.g., EPA, I986a). They have
entailed mullivariate regression analyses in which the size of the paint
lead contributions to blood lead concentrations are calculated. A
particularly detailed study is that of children in inner-city housing in
Cincinnati, Ohio, with leaded paint and paint-related pathways ot
e*posure (Clark et al., 1985: Bornschein et al., 1987). Figure 3-7
shows data from Clark el al. (1985, 1987) as reanalyzed by Ihis com



TABLE 3-4 Estimated Numbers of Children Under 7 Years Old Residing in Unsound and Lemd-Based-Paint
Housing, by Age and Criteria of Deterioration

int U.S.(

Category of
Unsoundness

Peeling paint

Total peeling paint

Broken plaster

Holes in walls

Grand totals

Construction
Date

Pre-1940
1940-1959
1960-1974

Pre-1975

Pre-1975

Pre-1975

Pre-1975

No. Unsound Lead-
Based-Paint Homes

964,000
758,000
250,000

1.972,000

1.594,000

2,602,000

6.168.000

No. Children

277,000
218,000
72,000

567,000

458,000

747,000

1,772,000

Source: Adapted from ATSDR, 1988. Data from Pope (1986) and 1983 housing survey data (U.S. Bureau of the
Census. 1986).

12 18

Ag» (months)

24 30

FlGtRE 3-7 Longitudinal blood lead profiles of groups of children bom and raised in housing with and without high-
lead paint. Both classes of housing surrounded by lead-contaminated soil and dust. Data from Clark et al., 1985,
1987.
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mittee; blood lead concentration is seen to change as a function of paint
lead in housing.

HUD (1990) cited several published and unpublished studies on ihe
influence of home renovation or abatement of lead-based paint on the
blood lead concentration of children living in housing units during these
activities. Bellinger et al. (1986H) reported a significant association be-
tween blood lead concentrations al age 24 months and recent home
refinishing activities. Rabinowitz et al. (I985a) reported a mean in
crease in blood lead concentrations (IA /tg/dL, standard error 0.7) In
children in homes recently refinished. Farfel (1987) reported thai
neither traditional nor modified methixls of abating lead-based paini
reduced the blood lead concentrations of children living in Ihe residenc-
es. Farfel also reported that, at least in the short term, traditional
abatement methods resulted in increased blood lead concentrations.
presumably because of exposure to lead-laden dust. In contrast, three
unpublished studies cited in the 1990 HUD report demonstrated Mood
lead reductions alter traditional abatement methods.

In Air

Lead enters air from gasoline and from stationary emissions. Envi
ronmental lead contamination from combustion of leaded gasoline has
been widely documented in the United States and elsewhere (NRC.
1980; EPA, I986a), and (here is much evidence that it has added
substantially to the body lead burdens of affected human populations.

From the 1920s to the late 1980s, lead was added to gasoline in the
antiknock additive tetraethyl lead (later, this was mixed with tetrameihyl
lead). Tetraelhyl lead is still used widely as a gasoline additive in nun>
countries.

nirsicwJMiniir.nl ami
lnvlr<>niii<Miliil

Lead in gasoline was emitted typically at approximately 24,
at the tailpipe in the 1970s (Dzubay et al., 1979), and urban air con-

(lined lead at about 1-IO/ig/m'. A combination of air dilution and
atmospheric fallout through dry and wet deposition accounts for the
difference.

As described in detail elsewhere (EPA, I986a), air lead from gaso-
line depends in a complex way on distances from vehicular traffic, lead
content of gasoline, and mixing with the atmosphere. In closed spaces,
such as garages and tunnels, air lead concentrations are well above
itxi.se of open areas. Exhaust lead is discharged in such forms as
halides and oxides, but these are eventually converted to the sulfate.
Once the lead is dispersed, physical and chemical changes occur,
including changes in particle size distributions, chemical changes from
organic to inorganic lead, and chemical changes in the inorganic species
themselves.

Most exhaust lead is deposited near its vehicular source (e.g., Reiter
ei al., 1977; Harrison and Laxen, 1981), whereas undeposited matter
reaches a stable particle form within 100-200 km of its source. Parti-
cles approximately 10 /im in diameter are deposited over a broader
distance, and there is long-range transport of particles less than 0. 1 jim
in diameter for up to about a month (e.g., Chamberlain et al., 1979).

h.ir.H l«! <>f rxiH*ur<;

The amount of lead consumed in the manufacture of antiknock
jdditives for leaded gasoline has been enormous. In the United Stales,
EPA (I986a) has estimated total consumption for 1 975- 1 984 as I.I
million metric tons. It has also estimated (EPA, I986a) that 4-5 million
metric tons have been deposited in ihe environment in the United States
since introduction of alkyl lead additives in the mid- 1920s.

Leaded-gasoline use is being phased out in the United Slates, as a
result of a series of regulatory actions beginning in 197.1, when EPA
promulgated the requirement for unleaded gasoline for use in vehicles
with catalytic converters (EPA. 1973), devices that would he damaged
l»y lead. In 1982, EPA promulgated new rules (EPA, 1982) that
switched the basis of the standard from an average lead content of all
gasoline to an average lead content of leaded gasoline and set a limit of
II g/gal in leaded gasoline. On August 2, 1984, EPA proposed (o
wJuce the permissible amount of lead in gasoline lo 0. 1 g/gal, effective
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January I, 1986. The final regulation, issued in early 1985 (EPA.
1985). imposed an interim limit of 0.5 g/gal in June 1985. As a result
of those actions, lead use in gasoline declined from 175,000 metric tons
in 1976 to less than 4,000 metric tons in 1988.

The decline has been accompanied by a remarkable parallel decline in
the mean blood lead concentration of the U.S. population (see Figure I
3). Figure 3-8 shows the adjusted mean blood lead concentrations in
the NHANES II survey—controlled for age, race, sex, income, degree
of urbanization, region of the country, occupational exposure, dietary
intake, and alcohol and tobacco consumption—plotted against national
gasoline lead use.

The various analyses of the blood lead-gasoline lead relationship, via
the NHANES II data set (Annest et al., 1983; Schwartz and Pitcher.
1989) and data from an isotopic-lead study (Facchetti and Geiss, 1982).
show that gasoline lead, via both direct inhalation and exposure in
fallout, can account for 50% or more of total blood lead concentration
at the earlier air lead contents attributable to gasoline consumption

Scone <i lh«

Although leaded gasoline is being phased out in the United Slates.
huge quantities of deposited lead remain in environmental compartments
from the many decades of use of leaded gasoline starting in the 1920s
Using linear and logistic regression analysis, Schwartz et al. (1985)
have estimated the U.S. short- and long-term effect of leaded gasoline
in terms of decreases in blood lead concentrations due to the phasing nut
of leaded gasoline, projected to 1992. The estimates are presented in
Table 3-5 for children 0.5-13 years old.

This section deals with a major pathway of exposure to lead: lead in
dust and soil. Lead in those media are now recognized to be derived
from several sources, including leaded paint and atmospheric lead. The
magnitude of the pathway and of the associated health hazards has been
documented only recently.
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TABLE 3-5 Estimated Reductions in Blood Lead Content Because of Phuenui
of Leaded Gasoline, Children 6 Months to 13 Years Old**

r

I-

Year

1986
1987
1988
1989
1990
1991
1992

No. Children 1
with Blood Lead \
over 10 jig/dL <

4.929.000
4.595.000
4.261.000
3.918.000
3.637.000
3.283,000
3,215,000

4o. Children
vith Blood Lead
wet IS pg/dL

,726.000
,597.000
,476.000
.353,000
,252.000
,125,000
.098,000

•Estimated by logistic regression analysis.
'Data from Schwartz el al., 1985.

rhrdcwncmlcal ami
Environmental ComMlcraUom

Technically, dusts and soils are discrete physicochemical substances
However, both are stable, immobilizable, and relatively permanent
depositories of contaminating lead (Yankel et al., 1977; Angle el al..
1984; Brunekreef, 1984; CDC, 1985; EPA. I986a; ATSDR. 1988)
Soils reflect precursor geology; dusts reflect atmospheric fallout and
other deposition. Dusts have a wider range of particle sizes, including
very small particles. Dusts and soils interact differently in human
exposures and numerous recent studies have documented the different
types of interactions. Some are discussed below.

Lead is present in dusts and soils al potentially toxic concentrations,
primarily because of its use in leaded paint and its fallout from the air
(Nriagu, 1978; Brunekreef, 1984; Duggan and Inskip, I98S; EPA.
1986a; ATSDR, 1988). It is often difficult to apportion lead content in
soils and dusts accurately to either paint or atmospheric lead, but one i"

die other dominates in some circumstances and both contribute impor-
tantly in other circumstances.

Dusts and soils in remote communities near to primary lead smellers
nAen are enriched in lead from atmospheric fallout due to these opera-
lions, either via direct emission or via re-entrainmenl of already highly
lontaminated media (e.g., Yankel el al., 1977; Angle el al., 1984;
CDC, I986a,b; EPA, 1986a; ATSDR, 1988). Soils and surfaces next
ui high-density roadways have similarly been documented as being
heavily contaminated by vehicular exhaust emission of lead particles and
other substances (Nriagu, 1978; Brunekreef, 1984; Duggan and Inskip,
1985; EPA, I986a).

In inner-city areas with tracts of old, deteriorating housing, dusts and
soils in adjacent interior and exterior sites are heavily contaminated with
leaded paint (Sayre et al., 1974; Charney et al., 1983; Chisolm et al..
1985; Clark et al., I98S; Bornschein et al.. 1987; EPA, I986a;
ATSDR, 1988). Studies of leaded-paint weathering in areas low in
automobile density have identified contamination of soils and dusts and
have shown a contamination pattern consistent with the presence of
paint lead. Some inner-city neighborhoods also receive lead fallout
from various mobile sources (vehicular exhaust) and stationary sources
(secondary smelters, battery plants, and municipal incinerators).

A number of studies have attempted to measure the paint contribution
to lead in dusts and soils; some are summarized in Table 3-6. Exterior-
paint lead on homes, outbuildings, and such other outside entities as
bridges will be transferred to adjacent soils and dusts (Ter Haar and
Aronow, 1974; Linton et al., 1980; Landrigan et al., 1982; Pergusson
and Schroeder, I98S; Schwar and Alexander, 1988). Movement of soil
lead and interior-paint lead to interior dusts has also been documented
(e.g., Clark el al.. I98S; Bornschein et al., 1987, 1989). The removal
"Headed paint from various surfaces warrants extreme caution.

Concentrations of lead in soils in rural areas of the United States are
typically less than 30 pglg of soil. In areas affected by lead mining,
industrial emissions or vehicular traffic emitting leaded exhaust, such
concentrations can increase by a factor of hundreds or even thousands.
Automobile emissions account for most of the lead in soil and dust in
suburban and rural areas (Nriagu, 1978; EPA, I986a), whereas paint,
atmospheric fallout from vehicular exhaust, and stationary sources
Kcounl for most of the lead in urban dust and soil.



TABLE 3-< Representative Studies of Contribution of Leaded Paint to Lead in Dusts and Soib

Study Site Study Design Results References

Lead-painted frame and
brick homes, Detroit,
Mich., area

Lead-painted rural bams
and urban homes with
leaded paint

Outside areas around
homes in small town

House dust from homes,
Chnstchurch, New
Zealand

Neighboring soils, bridge.
Mystic, Conn.

Soil lead vs. distance from
test buildings (N-18 each
type)
Soil lead vs. distance from
two
painted building types

Dust lead samples,
curbside vs. at building
line; electron microscopic
chemical and surface
analysis with element
markers

Housedust lead as function
of home age and type:
painted surface, bnck, etc.

Distance-stratified soil lead
(1-cm layer) from bridge
during and after lead
removal

Lead in soil 2 ft away 5
times higher than in
samples 10 ft away

Similar soil content for
both building types

25-85% of dwelling-line
particles were paint flakes

Ter Haar and Aronow,
1974

Ter Haar and Aronow,
1974

Lintonet al., 1980

In homes with leaded paint Fergusson and Schroeder,
in interiors, paint lead adds 1985
45 % to total dust lead
content

Soil lead 8,127 Mg/g at
bridge: 3,272 /ig/g up to
30 m away; 457 ng/g 30-
8O m away, and 197
IOO m away

Landrigan et al.. 1982

VMnahl«-4|uality housing.
Cincinnati. Ohio

Variable-quality housing.
Cincinnati, Ohio

Various residential areas
and homes undergoing
deleading

Playground areas at
schools undergoing lead-
paint removal and
repainting

DUM l«iul (internal ami
external) and dust fall rate
vs. house age, paint lead,
and condition

Statistical analysis
(structural equation
modeling) of lead pathway
in 18-month-olds

All mea*ur«* much higher
in poor housing with paint
lead

Paint lead and external-
dust lead explain 52 % of
dust-lead variation; paint
lead correlated with
external-dust lead

Analysis of housedust lead Such dust formation has
or child blood lead from substantial effect on child
paint dust generated during exposure and blood lead
and after paint lead
removal

279 schools in London,
England, tested for play-
area dust lead before,
during, and after removal
of old paint

Substantial increases in
play-area dust lead after
old-paint removal

Clark et «!.. I98S

Bomscheinet al., 1987

Rey-Alvarez and Menke-
Hargrave, 1987; Arrutai et
al., 1987; Farfel and
Chisolm, 1987; Rabinowitz
et al., 1985a; Chamey el
al., 1983

Schwar and Alexander,
1988
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Atmospheric lead from exhaust and stationary sources is transferred
to soils through both dry (Friedlander, 1977; Schack et al., 1985) and
wet (Lindberg and Harriss, 1981; Talbot and Andren, 1983; Barrie and
Vet, 1984) depositional processes. The proportions of the type uf
contribution to the total deposition of lead vary markedly; wet deposi-
tional processes can account for up to 80% (Talbot and Andren, 1983)

Lead deposition onto soils from vehicular exhaust declines exponen-
tially with distance from the roadway (EPA, I986a). Much of this lead
is immobilized in the top 5 cm of undisturbed soil (Reaves and Berrow.
1984) according to a complex function of geochemistry and pH (Olsun
and Skogerboe, 197S; Zimdahl and Skogerboe, 1977).

General Characterhllcs «4 rxiM«ure

The extent to which lead in dusts and soils is translated into hhxxl
lead and later to some adverse effect depends first on the nature of the
exposed population. Among sensitive populations, young children are
most exposed to lead via dusts and soils, because they commonly pui
their hands in their mouths and often mouth or ingest contaminated
soils.

The relationship of lead in dusts and soils to blood lead in young
children has been the subject of various epidemiologic studies in urban
areas and in rural areas that have stationary sources, such as smelters
The studies have been examined by EPA (I986a) and ATSDR (1988).
the key studies include those of Yankel et al. (1977), Angle et al
(1984), CDC (I986a,b), Bornschein et al. (1987), and Rabinowitz and
Bellinger (1988).

The complexities of and relation among sources and pathways have
been quantitatively examined by Bornschein and co-workers (1987) on
the basis of longitudinal environmental epidemiologic assessments of 18
month-old inner-city children. The children had substantial hut nm
exclusive lead exposure through mobilizahle leaded paint in poor-qualih
housing. The authors found that blood lead concentrations are influ
enced by the presence of lead in interior and exterior dust through hand
pickup of lead in exploratory activity; dust lead is controlled by exterior
dust (sampled as surface scrapings) and interior paint; and the lead
concentration gradient works from the exterior to the interior, so the

external contamination around a child's residence markedly affects the
interior contamination and thus the exposure risk.

Other studies have shown a strong association of soil and interior
Just lead with children's blood lead concentration; the various regres-
sion-slope estimates for earlier reports have been tabulated by EPA
(I986a). The estimates cover a broad range, but suggest that detectable
effects of these media on blood lead concentrations would occur at dust
ml soil concentrations of 500-1,000 /ig/g (CDC, I98S). Particle size,
chemical species of lead, and type of soil and dust matrices are impor-
tant modifiers of the soil and dust lead hazard, because they influence
lead intake and absorption (Roy, 1977; Barltrop and Meek, 1979;
Heyworth et al., 1981; Healey, et al., 1982; Dornan, 1986; Koh and
Bahidge, 1986; Steele, et al., 1990). For example, particles of different
lead-based paints are likely to have different solubilities (e.g., higher for
the older lead carbonate paints, lower for the newer lead chromate
paints), different particle sizes (large for paint chips ingested directly
from walls or window sills, smaller for particles settled on dust or soil,
very fine for particles formed by chalking or burned off walls by poorly
applied heat guns), and thus different bioavailability for young children.

UK;

A total of 20 million or more housing units were built before 1940;
they are the units most likely to have old flaking, chalking, and weath-
ering highly leaded paint that is being transferred to soils and becoming
dust. The estimated numbers of young children discussed earlier as
exposed to leaded paint are simultaneously exposed to lead in dust and
soil. Added to the lead in soil and dust from paint in urban areas are
(he sizable amounts of lead from fallout from heavy vehicular traffic
and stationary sources.

Schwartz el al. (1985) have used linear and logistic regression analy-
sis of declines in child blood lead concentration associated with phasing
»«ot leaded gasoline to estimate that 1 .35 million children in 1989 and
I 25 million children in 1990 will have blood lead concentrations below
ISpg/dL as a result of the control action. Those numbers, when
combined with projections to 1992, reflect a substantial change in dust
lead concentrations associated with the decrease in fallout.



Lead In Drinklmt Water

Lead in tap water—consumed in the home, offices, other worksites,
and public buildings—can be a particularly important source of lead
exposure of young children, pregnant women, and other people (Moore
et al., 1985; Levin, 1986, 1987; Ohanian, 1986; ATSDR, 1988). The
potentially major role of tap-water lead in overall human exposure has
long been recognized in Europe and older areas of the United States,
but only recently has the full scope of the U.S. water-lead problem been
examined. Reasons include the complex, heterogeneous nature of water
supplies, the absence of detailed current survey data, and the relative
exclusion of tap-water lead in environmental exposure assessment of
lead-poisoning cases.

Plmlcccneinlcal ami
Environmental ComNlcrattam

Tap-water lead concentrations are highly variable from house KI
house and tap to tap, because of differences in soldering, temperature,
and water use. Any attempt to measure exposure or compliance with t
target concentration must rest on an adequate sample size. For exam-
ple, Schock et al. (1989) used data from four communities and found
that 225-625 samples were required to produce a sample mean within
20% of the population mean (95% confidence limit), depending on the
community. If no more than 10% of subjects should be exposed above
a given value, the number of samples needed for accurate statistical
inference would be even higher.

Lead theoretically can enter tap water at any of several points in the
delivery system. A water-treatment plant distributes finished water with
very little lead (e.g., Levin, 1986) and little more is added through the
distribution lines, but contamination of domestic tap water occurs at five
kinds of points in or near residential, public, or office core plumbing:
lead connectors (i.e., goosenecks or pigtails), lead service line, lead-
soldered joints in copper plumbing, lead-containing drinking fountains
and water coolers, and lead-containing brass faucets and other fixtures.
A host of chemical and physicochemical variables affect the extent h<
which any or all of those sites contribute to the water lead content. The

important variables include the relative corrosivity of the water (i.e.,
acidity, alkalinity, and ion content), the standing time of water in
contact with leaded surfaces, the age of lead-soldered joints and other
leaded components, the quantity and surface area of lead sites, and the
temperature of water in contact with lead surfaces.

In general, the problem with lead connectors and service pipe is
associated principally with old housing, built around 1920 or before, in
older northeastern American cities, particularly such New England cities
as Boston (Worth et al., 1981; Karalekas et al., 1983). Since 1986,
federal law has prohibited lead for these uses in new construction.

Solder-lead leaching varies with the age of plumbing and diminishes
ts the solder sites age, a process assumed to take about 5 years. The
extent of lead leaching is strongly affected by the acidity of the water
(i.e., pH), as seen in Table 3-7, which summarizes EPA data on pH
and age of homes. With corrosive water (pH less than 6.4), it can be
seen that soldered joints more than 5 years old still leach sizable
amounts of lead in first-draw samples. Copper plumbing with lead-
soldered joints came into widespread use in the United States and other
developed countries in the 1950s.

Brass faucets and other fixtures containing alloyed lead at various
percentages, even below current permissible percentage (8%), can
contribute to tap-water contamination (Samuels and Meranger, 1984;
Schock and Neff, 1988; Gardels and Sorg, 1989). Gardels and Sorg
(1989) reported that newer brass faucets could contaminate standing
water closest to the fixtures (less than 250 ml) at over 10 /ig/L, an
minn concentration promulgated by EPA (1991).

In public facilities that serve young children and other sensitive
populations, such as kindergartens and elementary schools, additional
exposure to lead in tap water can occur (Levin, 1986; ATSDR, 1988;
EPA, I990c). Patterns of water use in schools potentially can allow
greater exposures than in homes. For example, lead leaching is at its
maximum into standing water, i.e., water generated overnight, during
weekends, and during holiday and summer vacation periods. Water
contamination in schools and the like can occur in water coolers and
fountains, as well as in the expected core plumbing and fixtures
(ATSDR, 1988; Gardels, 1989).
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TABLE 3-7 Percentage of Variably Collected Water Samples Exceeding LeaJ
at 20 fig/L at Different pH, by Age of House

Samples with Lead over 20 pg/L

Age of House, yr

0-2

More than 2,
less than 6

6 or more

pH

<6.4
7.0-7.4
>g.O

<6.4
7.0-7.4
>lo
<6.4
7.0-7.4
>8.0

First Flush

93
83
72

84
28
18

51
14
13

% Fully Flushed
(2min)

51
S
0

19
7
4

4
0
3

Source: ATSDR. 1988. Data from EPA, 1987.

General Charactnrhlics ft FxiN*un»

Tap-water lead affects different groups in different ways. For
example, lead-contaminated water can he used in infant formula and in
beverages for older children and can he consumed directly. Tap-water
lead can he ingested in foods cooked in lead-contaminated water
Furthermore, food surfaces can hind and concentrate water lead (Smart
etal., 1981; Moore, I98S).

Lead in tap water is much more hioavailahle than lead in food, he-
cause it is often consumed during semifasting (between meals) or after
fasting (overnight) conditions. According to the data of Heard and
Chamberlain (1982) and Rahinowitz el al. (1980), adults' fasting ah
sorption rates can he 60% or higher, compared with rates of 10-15% in
association with meals.

The marked reductions in blood lead concentrations of water-consum

ers in Glasgow and Ayr, Scotland, after water-treatment steps to reduce
corrosivity (see, e.g., Moore et al., 1981; Sherlock et al., 1984;
Moore, 1985) constitute convincing evidence of an impact of water lead
on blood lead concentration. Figure 3-9 shows blood lead concentration
distributions for two periods in a single group of mothers mointored
before and after change in tap-water pH in Ayr, Scotland (Richards and
Moore, 1984; Sherlock et al., 1984). Significant declines were ob-
served in blood lead values as water was treated between 1980 and
1982.

With respect to case reports of lead intoxication associated with tap
water, Cosgrove et al. (1989) reported lead intoxication—blood lead
concentrations ranging up to 45 ^g/dL—in a toddler found to have
been exposed to lead solely from tap water, which entered the home
through new copper plumbing with lead-soldered ratings. First-draw
water samples averaged 390 /ig/L and were as high as 1,080 /ig/L

Environmental epidemiologic studies have attempted to analyze the
quantitative relation of tap-water lead to blood lead concentrations in
both infants and adults. Some of the studies considered both dietary and
water data; others examined only tap-water lead. As can be seen in
Table 3-8 and in the very detailed Table 11-51 of EPA (1986a). for
mainly first-draw water samples (except Sherlock et al., 1984), the
relation of blood lead to tap-water lead is complex and a function of the
concentration range of water and blood lead in the cohort. Over a
broad range of water concentrations, well above 100 /ig/L, the relation
b curvilinear (e.g.. Worth et al., 1981; U.K. Central Directorate on
Environmental Pollution, 1982; Sherlock et al., 1984); it becomes linear
it the low end of water content, i.e., less than 100 /jg/L (Pocock et al.,
1983). At the higher concentrations, the relation is best fitted through
logarithmic or cube-root expressions.

rtf UK; rrMUrm

Table 3-9, based on data from Levin (1986) and ATSDR (1988),
shows the numbers of children up to 1 3 years old who were at risk of
exposure to lead from domestic plumbing. As indicated, 1.8 million
children up to 13 years old lived in homes with newly installed lead-sol-
dered plumbing (that is less than 2 years old), of whom 0.7 million



• 1980, pH 5.0

01982, pH8.5

4.2 8.4 12.6 16.8 21 25. 29.4 33.6 33.7

Blood Lead (pg/dL)

FlGL'RE 3-9 Blood lead in Ayr. Scotland, mothers before water treatment (1980, pH 5.0) and after water treatment
(1982. pH 8.5). Source: Adapted from Richards and Moore. 1984.

TABLE 3-8 Selected Studies of Relation of Blood Lead to Tap-Water Lead

Studv Details Form of Model Reference

524 Boston residents; water lead up ln(blood lead) = ln(0.041 (water lead) - EPA (1986a) analysis of Worth
to 1. 108 jig/L; blood lead up to 0.000219 (water lead):] et al.. 1981
71

128 Glasgow mothers; water lead up Blood lead = 13.2 + 1.18 (water lead)" U.K. Central Direct., 1982
to 1 .060 fig/L: blood lead up to
39 Mg/dL

126 Glasgow infants of above Blood lead = 9.4 + 2.4 (water lead)" U.K. Central Direct.. 1982
mothers

1 14 Ayr. Scotland, mothers before Blood lead = 5.6 + 2.62 (water lead)" Sherlock et al., 1984
and after water treatment

7.735 middle-aged British men; Blood lead = 14.48 - 0.062 (water Pocock et al., 1983
water lead less than 100 ng/L lead)

Source: Adapted from EPA, 1986a, Vol. III .
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TABLE 3-9 Estimated Numbers of Children «l Risk of Exposure to Lead in
Household Plumbing

Housing Type Population at Risk

New Housing*

8.8 million people in new housing with lead soldered
piping:

(8.8 million) (7.6% of population less than 5 years old) 0.7 million
(8.8 million) (12.8% of population 5-13 years old) I.I million

Total number of children at risk in new housing 1.8 million
t

Old Housing'

If one-third of units built before 1939 contain lead
pipes,' then (0.33) (0.29) = 10% of housing has lead
pipes:

(0.10) (17.8 million children less than 5 years old)
(0.10) (30.1 million children 5-13 years old)

Total number of children at risk in old housing__

1.8 million
3.0 million

4.8 million

'Data from Levin, 1986; based on 9.6 million in new homes, of which
92% have metal plumbing.
'Data from U.S. Bureau of the Census, 1985.

'Data from David Moore, Office of Policy Development and Research,
HUD. Submissions to ATSDR. January 1987. and EPA.

Source: ATSDR. 1988.

were less than 5 years old. The corresponding tally for old leaded
plumbing is 4.8 million, of whom 1.8 million were under 5 years old
The two groups yield a total of 6.6 million children.

According to Levin's (1986) analyses, 42 million U.S. residents
receive water from public supplies having lead concentrations above
20 ng/L. ATSDR (1988) estimates that 3.8 million of those are chil-

20pg/L. ATSDR (1988) estimates that 3.8 million of those are chil-
dren less than 6 years old.

Levin (1987) has used regression-analysis methods described by
Schwartz et al. (1985) to estimate that 240,000 children less than 6
years old will have blood lead concentrations over 15 /ig/dL, in part
because of exposure to lead in tap water.

I <;«Ml In lh«

and
Comklcnillom

Lead contaminates food through various pathways: deposition of
airborne lead, binding of soil lead to root crops, use of lead-contaminat-
ed water and equipment in processing, use of lead-soldered cans for
canned foods, and lead leaching from poorly made lead-glazed food and
beverage containers.

Lead is readily deposited on leaf surfaces of edible plants (e.g.,
Schuck and Locke, 1970) and accumulates over the life of the crop.
The deposition rate in areas with high air lead content can measurably
increase the lead content of leafy crops, and such surface contamination
is difficult to remove by either harvest washing or rainfall (Page et al.,
1971; Arvik and Zimdahl, 1974).

Transfer of lead from soil to edible nuns is a complex function of
physicochemical factors that govern the plant uptake of lead, including
those mentioned earlier in this chapter. Camerlynck and Kiekens (1982)
reported that normal soils contain exchangeable lead at approximately
I |ig/g or less, and presumably some portion of the mobile lead will
hind to plant roots.

Lead in processing water can sometimes be the major contributor to
dietary lead (Moore et al., 1979; Smart et al., 1981). However, the
more common source of food contamination in processing is the use of
lead-soldered cans. When lead is used as seam solder, the material can
spatter on the interior of the can or the toxicant can migrate to the
canned-food matrix itself. Acidic foods induce more lead release from
(he soldering material, although the leaching phenomenon also occurs
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with relatively low-acidity foods, such as corn and beans, and in all
cases the total amounts liberated are a function of the shelf-life of the
canned goods. Lead release is accelerated by contact with oxygen once
a can is opened. Lead in wine has been shown to be a potentially
important source of dietary lead exposure (e.g., Blinder et al., 1988).

Pottery, dinnerware, and other ceramic items are used to store foods.
If containers so used have been made with poorly fired leaded glazes,
lead can migrate from them into the food (extensively discussed in Lead
in Housewares, U.S. House, 1988; see also Wallace et al., I98S). Key
factors affecting lead release include characteristics of the glaze, the
temperature and duration of food storage, and the acidity of the food.
Lead can also be released on extended scrubbing and cleaning of even
well-prepared glazes.

Commercial American products have led to fewer problems in this
regard than commercial products from other countries—such as coun-
tries in southern Europe and Latin America and mainland China—or
items made by artisans and hobbyists. Most cases of lead toxicity have
been associated with repeated use of vessels with problematic glazes or
with prolonged food storage.

Glassware is often decorated with decals or decorative surfaces thai
contain lead. Those surfaces have a potential for exposure through
contact with young children's lips and mouths.

Cliara* Icrhllr* of f*»m>r«il [xiHiurc

The contribution of foods and beverages to body lead burden, as
reflected in blood lead, has been measured in epidemiologic surveys of
infants, toddlers, and older people (EPA, I986a). Various studies have
shown that dietary lead can contribute substantially to blood lead in
complex ways that reflect the influence of the tap-water lead compo-
nent, dietary habits, and individual differences in lead toxicokinetics
(see, e.g., EPA, I986a).

Ryu et al. (1983, I98S) found that dietary lead affects blood lead in
infants in a simple linear fashion, at least in moderate exposures.
Sherlock el al. (1982) and the U.K. Central Directorate on Environmen-
tal Pollution (1982) examined the relation in infants and mothers viai
duplicate-diet survey. Blood lead in the infants in the U.K. study was

related to dietary lead by both linear and cube-root functions, whereas
Sherlock and co-workers found a cube-root relation for mothers and
infants. The relation becomes curvilinear when intake exceeds 100 ng!
day. The slopes of the curves (/tg/dL of blood vs. /ig/day), which can
be estimated from the above studies for an intake of 100-200 pg/day,
are 0.034 for adults (Sherlock et al., 1982), 0.06 for infants (Sherlock
dal., 1982), 0.053-0.056 for infants (U.K. Central Directorate, 1982),
and 0.16 for infants (Ryu et al., 198S). The relation of Ryu and co-
workers has the steepest slope and is based on the lowest average lead
intake; the slope might level at much higher lead intakes.

Dietary intakes of lead are being reduced in the United States (EPA,
I986a; ATSDR, 1988). For 2-year-olds, for example, there was a
decline of approximately 75%, from 52.9 to 13.1 pg/day, from 1978 to
1985. It should be remembered that there is a distribution of lead
content about the average and that the diet-survey numbers are based on
relatively small samples, compared with the volume and diversity of the
U.S. food supply. Several important factors in the decline include the
domestic phaseout of lead-seamed beverage and food cans and the
reduction in movement of lead to agronomic crops, as a result of a
lowering exposure of growing crops to air lead. The latter is associated
with the phaseoul of leaded gasoline and tighter stationary-source
regulations.

Table 3-10 shows U.S. production of lead-seamed cans in 1980 and
1988; these are production figures supplied by a trade group and do not
reflect independent surveys of lead-seamed cans on grocery-store
shelves. The latter would include some carryover from past years'
production, depending on canned-food shelf life.

Iwwo <f

As noted by Mushak and Crocetti (1989), virtually all sensitive
populations are exposed to some lead in food, owing to the relatively
centralized food production and distribution system in the United States
Md other developed nations. They also estimated on the basis of food-
lead concentration distribution profiles, adjustments for lead reduction in
finds, intakes from other lead sources— that approximately 5% of the
21 million U.S. children less than 6 years old, or I million children,



will have increases in blood lead concentrations because of intake of
lead in food.

Although the main theme of this report is ordinary environmental
exposure lo lead, occupational settings present the highest, continuous
lead exposures of all. Furthermore, workers transport lead from work
to their homes, where their families, including children, are exposed to
it (e.g.. Baker et al., 1977; Milar and Mushak, 1982).

Various traditional customs and medications can result in high lead
exposures. Reports of such exposures are numerous in the clinical
literature from various regions—Arab countries (Aslam et al., 1979),
die Indian-Pakistani subcontinent (Pontifex and Garg, I98S), China
(CDC, 1983a), and Latin America (Bose el al., 1983; CDC, I983b;
Trotter, 1985; Baer et al., 1987). The preparations often include lead
compounds as major or principal ingredients, so the poisoning potential
it high.

In the United States, the most familiar type of lead-containing prepa-
ration is a Mexican-American folk preparation that contains lead oxides
(Bose et at., 1983; Trotter, 1985; Baer et at., 1987) Greta (lead (II)
wide) uid azarcon (mixed-valence lead tetroxide. PbO,.2PhO) are used
ki treat digestive disorders; their use produces diarrhea or vomiting.
Use of these medicines is widespread and can result in serious lead
poisoning in children.

It is difficult to rank sources of lead exposure hy their importance for
keaNh by such simple criteria as numbers of affected persons. Simulta-
NOUS exposure to multiple lead sources is inevitable; different sources
"f lead are often associated with different degrees of lead poisoning,
•Aicli would make it necessary lo rank by effect severity, as well as
frequency; and sources differ in distribution among sensitive popula-

An alternative is lo provide a ranking by relative overall impact,
thick includes the potential of a source for the most severe poisoning,
* relative pervasiveness, estimates of numbers of persons exposed to it,
•d the relative difficulty of abating it.

The sensitive populations within the general, nomuxupaiinnal sector
*e preschool children, fetuses (via maternal exposure), and pregnant



women (as surrogates for fetuses). On the basis of overall public-health
impact on those populations, sources can be combined into two groups
Lead in paint, lead in dusts and soils, and lead in drinking water consti
tute the more important group today. In that group, leaded paint ranks
first in importance for young children, followed closely by lead in dusts
and soils, and then by tap-water lead. For adults, tap-water lead is
probably the exogenous source of most concern. (Endogenous exposure
to lead can occur when subjects mobilize lead and calcium from hone:
this typically occurs in adults or in children who break bones.) In the
United States, leaded gasoline at present concentrations and dietary lead
make up the second group, of somewhat less concern. These statement*
of importance are relative; they do not imply that any specific source is
unimportant as a contributor to lead body burdens or to earlier effects in
populations as a whole. The body combines lead absorbed from all
sources into one dose.

The phasedown of leaded gasoline is greatly reducing the input oi
lead to environmental compartments. However, the inventory of 4-5
million metric tons of lead still in the environment because of pasi
leaded-gasoline use will continue to contribute to the risk of exposure oi
sensitive populations. Outside the United States, various approaches to
leaded-gasoline control are being taken, from modest control actions to
phaseout and phasedown regulations.

Leaded paint (and its transport to dusts and soils) is a major national
source of exposure of children. Dust and soil lead comes from leaded
paint transfer and atmospheric fallout, and many studies have document
ed its contribution to lead body burdens of young children. Quantitative
assessments of the relative contributions of dust and soil lead to total
body lead, such as blood lead concentration, have been the subject ot
diverse studies. In addition, particle size, chemical species of lead, anJ
soil and dust matrices are important modifiers of the soil and dust leiul
hazard eventually reflected in lead intake and absorption.

Pathways of exposure to tap-water lead are multiple: direct drinking
beverages prepared with contaminated water, and foods cooked in lead
contaminated water. Patterns of leaded-water use can amplify toxicin
risk. Ingestion on an empty stomach, a common occurrence, greath
increases the rate of lead absorption. The use of water in elementary
schools and other child facilities is intermittent, with extended standing
time over weekends and in vacation periods. That allows buildup >'<
lead in fountains and water lines.

Most developed countries, including the United Stales, have complex
food production and food distribution systems that permit lead contami-
nation. Virtually everyone has some exposure to dietary lead, and lead
concentrations in food can be quite high. But lead in foods of older
children and infants has been reduced through phasing out of lead
soldered cans for milk and fruit juices and reduced input into food
crops.

There does appear to be a persisting problem with lead leaching
mainly from poorly made and lead-glazed food and beverage pottery. It
could also be that even well-made vessels with lead glazes will lose lead
through extended surface abrasion, as in scrubbing, washing, and
rinsing.



Ciolceic Markers
cf Lead

In the last tew years, considerable interest has developed in discovering
and validating new biologic markers for many toxic substances.
Identifying new biologic markers has helped scientists to understand
much heller the mechanisms of toxicily This has also been the focus
i.ir biologic studies of the mechanisms of lead toxicity. Biologic mark-
ers are indicators of events in biologic systems or samples. The Na-
tional Research Council (NRC, I989a,h) has classified biologic markers
mm three types—markers of exposure, of effect, and of susceptibility.
A biologic marker of exposure is an exogenous substance or its metabo-
lite or the product of an interaction between a xenohiolic agent and
Mime target molecule or cell. A biologic marker of effect is a measur-
jhle biochemical, physiologic, or other alteration within an organism
thjt, Jjp-.-i'.Jing on magnitude, can be rccogni/ed as an established or
potential health impairment or disease. A biologic marker of suscepti-
bility is an indicator of an inherent or acquired limitation of an organ-
ism's ability to respond to the challenge of exposure to a specific
lenohiolic substance. This chapter describes biologic markers of expo-
sure, effect, and susceptibility for lead. It also establishes the biologic
IUMS for the assessment of analytic techniques to monitor lead in sen-
'Hive populations, which will be described in Chapter 5.
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Any assessment of the loxicity associated with exposure to lead

MJ
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begins with measurement of the exposure. In practice, one assesses
lead exposure through environmental or biologic monitoring techniques
to examine markers of exposure. Lead exposure is the amount of lead
(from whatever source) that is presented to an organism; dose is tht
amount that is absorbed by the organism (NRC, 1990). Various fac-
tors—such as blood flow, capillary permeability, transport into an
organ or tissue, and number of active binding and receptor sites-
determine the path of lead through the body and can influence the
biologically effective dose. For example, lead inhaled in dust could he
retained in the lungs, ranpved from the lungs by protective mechanisms
and ingested, stored in bone, or eliminated from the body via the
kidneys. Toxicity can be observed in the kidneys, blood, nervous
system, or other organs and tissues. At any step after exposure, biolog-
ic markers of exposure to lead can be detected.

A key component of biologic monitoring of lead exposure is the
toxicokinetic and physiologic framework that underlies such monitoring
Screening in the absence of knowledge about lead's in vivo behavior
limits the interpretation of monitoring data for public-health risk. For
example, if clinical management or regulatory actions are to be effec-
tive, the timing of lead exposure that is reflected in a typkal blood lead
value should be known, as should dose-response relations that link the
body lead concentration with adverse health effects.

Humans absorb lead predominantly through the gastrointestinal and
respiratory tracts. Little uptake occurs through skin, especially in
nonoccupaiional exposures. Lead deposition and absorption rates in the
human respiratory tract are complex functions of chemical and physical
forms of the element and of anatomic, respiratory, and metabolic
characteristics.

Inhaled lead is deposited in the upper and lower reaches of the
respiratory tract. Deposition in the upper portion leads to ciliary
clearance of lead, swallowing, and absorption from the intestine
Smaller lead particles, especially those less than I pm in statistical!)
averaged diameter, penetrate the lower, pulmonary portion of the
respiratory tract and undergo absorption from it.

At4i.*ti.* «#

Human studies (Chamberlain, 1983; EPA, I986a) have shown that
about 30-50% of inhaled lead is retained by the lungs (the range reflects
mainly particle size and individual breathing rate). These studies have
used unlabeled lead aerosol (Kehoe, I96la,b,c), radiolabeled oxide
terosol (Chamberlain et al., 1978), lead fumes inhaled by volunteers
(Nozaki, 1966), ambient air lead around motorways and encountered by
the general population (Chamberlain el al., 1978; Chamberlain, 1983),
lead salt aerosols inhaled by volunteers (Morrow et al., 1980), and lead
in forms encountered in lead operations, fumes, dusts, etc. (Mehani,
1966). Most (over 95%) of whatever lead is deposited in the human
pulmonary compartment is absorbed (Rabinowitz et al., 1977; Chamber-
lain et al., 1978; Morrow et al., 1980). Thus, the overall rate of
uptake is governed by lung retention (i.e., 30-50%). Uptake occurs
rapidly, generally in a matter of hours.

Evidence of complete and rapid uptake can be gleaned from analysis
of autopsy lung tissue (Barry, 1975; Gross et al., 1975 ). The chemical
form of inhaled lead appears to have little effect on uptake rale (Cham-
berlain et al., 1978; Morrow et al., 1980). Similarly, uptake is little
affected by air lead concentration, even when it is greatly in excess of
that commonly encountered in nonoccupational settings—up to 450 /tg/
day (Chamberlain el al., 1978).

The above data apply to adults and are relevant for the sensitive adult
imputation, i.e., pregnant women. In the case of children, no studies
luve experimentally documented rales of direct uptake of lead from
tangs. On anatomic grounds (Hofmann et al., 1979; Hofmann, 1982;
(Men et al., 1985) and metabolic grounds (Barllrop, 1972; James,
1)78), however, uptake in adults should be greater than uptake in
children.

In nonoccupationally exposed populations, lead uptake from the
{astminiestinal tract is its main mute of absorption. For adults, the
lead content of foods, tap water, and other beverages is of main concern
for lead exposure. For infants, toddlers, and older children, ingestion
"f lead-contaminated nonfood materials—e.g., dust, soil, and leaded-
paint chips—is of additional concern. In some cases, such exposure
« exceed that occurring through the diet (NRC, 1976, 1980; EPA,
IN6a; WHO, 1987).

Various studies of gastrointestinal absorption of lead in adults as
from measures of metabolic balance (Kehoe, I96la,b,c) and
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isotope distribution (Hursh and Suomcla, 1968: Hamsun n
Rabinowitz et al., 1974, 1980; Chamberlain et al . ITS. ^.,
mented that 10-15% of dietary lead is absorbed The <j\c . ,-, '
erahly, to as high as 63%, under fasting conditions (('hair.1.--,
1978; Rabinowitz et al., 1980; Heard and ChamherUn. \'»\ "
suggests that lead in tap water and other hcvcr.ij!e\. »h : - , ,
imbibed on an empty stomach, undergo higher uptake jnj r. .. .,
tionately greater exposure. Rate of lead uptake oi« iv.r •»•;
exposures likely to be encountered by the general popul,-, -
least 400 jig/day, seems similar (Flanagan et al . l'is: H ,• .
1983).

Studies of lead bioavailahility in the human intestine i( i.j-v-
al., 1978; Rahinowitz et al., 1980? Heard and Chamberlain i ••:
indicated that common dietary forms of lead are ahv.>iK%i • /•
same extent. Lead sulfide in one study was absorbed ti> ih >i- • •
as other forms, and in another study was absorbed in ii:- >.- . •
with meals, but during fasting was absorbed less Hun •• • •
Particle size difference might account for the ahM-rp!. •
between fasting and meals.

Dietary lead absorption is considerably higher in JnUtr >
adults. Results of studies of both Ziegler et al. (l«)78i »nh <"n
Alexander and colleagues (1973) with children indicate ji »• •. •
rate up to 50% from the intestinal tract.

Young children ingest nonfood lead through normal nvu* -j '
ior and particularly through the abnormal, excessive M.I."
pica. Substantial uptake of lead and systemic exposure i-..ur '•-. ».-
the high concentrations of lead in such media as du\i. »-i iv •
paint (Duggan and Inskip, 1985; ERA, I986a: WHO. !"*•• •• •
lion of perhaps 100 mg, or even more, of such media iH '• ' •• "
1986; Clausing et al., 1987; Calabrese et al.. I98«); D.MN a »
and a bioavailability of up to 30% (Day et al.. !'»». IK{,-»'
Inskip, 1985; EPA, I986a). The higher intestinal ah^rp'. ' '
seen in developing versus adult humans is commonly .'K-r^
mammalian systems, including nonhuman primates (Pnund- 1 »
and rodents (e.g., Kostial et al., 1978).

Percutaneous absorption of inorganic lead in nonocaiivm '« •
lions is low. Min.re et al. (1980) applied ""Pb -labeled 1^*1 »•
intact skin of adult volunteers and obtained an average •*- "'•

„ Harm" I«*M«r

u*\ Lilley et al. (1988) applied lead as the metallic powder
.-rt ult solution to one subject's skin; it failed to increase the lead

f, • other whole blood or urine, but the lead content of sweat far
. •_• I.-M of application increased.
^ -P l.mg been known to cross the placenta! barrier in humans

. -T tpiMts and become lodged in fetal tissues (Barltrop, 1969;
--«il 1972; Buchet et al., 1978; Alexander and Delves, 1981;

^.MinJ Needleman, 1982; Borella et al., 1986; Mayer-Popken
, .«/.i The question of when lead begins to enter the fetus
-; -/nnjl exposure is important, but has not been fully answered.

t \ Sirluup (1969) and Mayer-Popken et al. (1986) suggest that
» f-t .',\urs hy the third or fourth month; data of Borella et al.
» .-.; fhauhe et al. (1972) suggest that uptake occurs later.

I end DKtriliuti* n

'•̂ 1 lead enters plasma and undergoes rapid removal to various
-nnments: erythrocytes, soft tissue, and mineralizing tissue.

r-> . ..ufs over a matter of minutes (Chamberlain et al., 1978;
i : )SD If exposure is constant, a steady state eventually

v-r tiMjy-staie conditions (i.e., stable exposure), plasma lead and
•- ••; ie«l are in equilibrium. The equilibrium fraction of lead in
••> 11^<. than 1% and varies very little (Cavalleri et al., 1978;
^"•nJPMierson, 1980; DeSilva, 1981; Manton and Cook, 1984),
• •" x blood lead concentrations of about 50 pg/dL or higher

i IWI; Mamon and Cook, 1984).
»' s removed from whole blood, under steady-state conditions,

«I'i'Mife that depends on such factors as total body lead burden,
f *>r'iiJ<M>f external exposure, and the method of measuring half-
• î Jmg to total circulating lead or absorbed exogenous fraction
•**-•«•! by isoiopic tracer).
•»<j!«Ut| lead measured with various protocols of experimental

••« ti* been fcmnd to have a half-life of about 25 days (Griffin et
• r< Rjhinowitz et al., 1976; Chamberlain el al., 1978). That
• » >•>< first, «r short-term, component of blood lead decay.
•J •wuremems of half-life, commonly obtained through blood
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lead changes that occur with reduction in chronic exposure, yidj
various and generally much higher values than those obtained exneri
mentally; actual measurements reflect a larger contribution of a lung
term component, described as many months in half-life.

Early studies by Barry (I97S, 1981) and Gross et al. (1975) shtma]
that lead in most sort tissues is usually below 0.5 parts per millimi
(ppm); age-dependent accumulation in kidneys (Indraprasit et at., 1974,
and aorta (Barry, 1975; Gross et al., 1975) in nonoccupatkmal popula
tions has been reported.

Available data are not sufficient to show whether soft tissue conceit
trations have been declining in response to lower air and dietary leal
uptake in recent years. Such changes would be registered more realiU
in the youngest segments of the population, where cumulative bod*
burdens are smaller.

Studies that showed no lead accumulation with age in many soft
tissues have been cross-sectional and theoretically would disgui.se the
moderate accumulation that can occur with age but be offset by deciin
ing lead exposure in recent years.

The human brain, the principal target organ of lead exposure, has
low concentrations of lead—less than 0.2 ppm (wet weight)—on i
whole-organ basis when there has been no occupational exposure. Leal
content can rise by a factor of several in people with high lead exposure
(Barry, 1975). In subjects with lethal poisoning, whole-brain concenui
tions are above I ppm (Okazaki et al., 1963; Klein et al., 1970)
Region-specific distribution of lead in the brain has been documented
The highest concentrations are in the hippocampus and frontal cunet
(Okazaki et al., 1963; Niklowitz and Mandybur, 1975; Grandjein.
1978).

Barry (1975, 1981) showed that tissue lead concentrations were lower
in infants than in older children. Those in older children were M
materially different from those in adult women.

A large body of laboratory and clinical evidence shows that leal
accumulates with age in human mineralizing tissue, i.e., bones a*l
teeth. Accumulation appears to begin at birth (or even in uteru) an<t
continues until the age of 50-60 years, when it starts to decree
through some combination of dietary, metabolic, and hormonal change*
(CDC, 1985; EPA, I986a; Drasch et al., 1987; Drasch and On. 19».

AtUMl* «* I I A I ' 14 All l l>

A aimers el al., 1988). Total lead content in bone can reach 200 mg in
vnoccupationally exposed adults and much higher in those occupation-
illy exposed to large concentrations.

Drasch and Ott (1988) have confirmed that hone lead is cumulative at
>jst from birth. Autopsy samples from infants less than I year old had
i Nine lead concentration half that of preschool children (0.33 vs. 0.62
^pra wet weight) and one-fifth that of people 10-20 years old (1.76
ppm) All none types— cortical bone, such as midfemur, and trabecu-
uhone, such as temporal bone and pelvis — were shown to accumulate
;jj, but the denser cortical bone had markedly higher concentrations in
iciwo older groups. A sex-based difference in bone lead accumulation
ui observed in the oldest group tor trabecular bone, males having
ittistically higher concentrations (p < 0.05). Recent measurements of
Sine lead in adult autopsy samples also documented continued accumu-
'jiofl in adulthood up to at least the age of 50 (Drasch el al., 1987;
Uiitmers el al., 1988). In the work of Drasch et al. (1987), temporal
Vne showed age-dependent accumulation throughout adulthood, induci-
ng the 70s, whereas midfemoral and pelvic samples showed a plateau
n middle age and then a decline. The latter decline was pronounced in
::males and was attributed lo osteoporotic changes. Those data support
ie finding in analysis of' NHANES II results that menopausal women
!:iie higher blood lead than younger women (Silbergcld el al., 1988).
Men were estimated to have a significantly higher total skeletal lead
MrJen than women— mean, 41.4 mg versus 24.1 mg. Comparison of
recent analyses with data gathered 10 years earlier in the same laborato-
ry and with identical methods indicated a marked decline of lead in
'jmnral and pelvic samples across adult age groups, amounting to 30-
«*.

In similar investigations. Wittmers et al. (1988) examined tibia, skull,
'*. ilium, and vertebra from 134 hospital autopsies for lead content as
i function of age, lateral and cross-sectional analytic symmetry, and
^ne composition. Lead content was symmetric in positional location,
Nil nut hone type. Lead concentrations rose with age in all sample
tyes. and there was some longitudinal variation within a bone speci-
'vn. hut not enough lo preclude use of single measurements in hone
iiulysis.
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ERA (1986a) and ATSDR (1988) analyzed the retention iivj M
of lead in humans and animals. Ingested lead that is not »h .̂,v
through urinary and fecal excretion. Absorbed lead thai » r»
tered in bone or some soft tissues is eventually eliminated it
kidneys or through biliary clearance into the intestine Dcf
keratinizing tissues (nails and hair) is a minor eliminaiimi r-

On the basis of various experimental measuri-mcn.
1961a.b,c; Rabinowitz et al., 1976; Chamberlain d al . i-r»
lowing can be said:

• Urinary loss of lead in adults makes up about tun thu
elimination. Fecal lead loss (of lead arising from hiliar> c! •
i.e., endogenous fecal lead) makes up about one-thirJ v-
the total is eliminated through Hair and nails.

• Whole-body lead elimination over the short term rerv.
50-60% of the newly absorbed lead, with a half-life in aJul:
of about 20 days (Rabinowitz et al., 1976; Chamberlain d ;
Of the deposited fraction, 50% (i.e., 25% of lead iniiulU .'
eventually eliminated.

• Infants and children retain 50% of ingested lead (Alo»j-
1973; Ziegler etal., 1978).

• Infants (and perhaps preschool children) have slower e
than adults (Thompson, 1971; Alexander et al.. 1973: (h.
al., 1978; Ziegler et al.. 1978; EPA, I986a).

• Lead elimination through urine might depend on con.f
estimated by Chamberlain (1983) on the basis of results ,<i
reported blood and urine values in adults.

• Whole-body lead retention in humans subjected to or
sure is accounted for largely by skeletal accumulation

tnM liom <4 1 «ail with Niitii«-iii«

The toxicokinetics of lead in humans are affected h>
and nutritional status of the exposed subjects. Nutrition anJ r.- '̂ «
deficiencies are of prime concern in very young children •

:~**- ill •

B\»l

• • i;jJ exposure is concurrent with deficiencies in many interac-
i-̂ nu. especially calcium and iron (see Markers of Susceptihili-
••-Ktue relations for lead have been reviewed elsewhere (Ma-
t̂  Michaelsnn, 1980; EPA, I986a). Various child and infant

,ri!»uius surveys have documented iron deficiency in children
• .-tf\ «ld. especially those in low socioeconomic classifications.
e: ^ ihe children with the highest prevalences of high body
• - rt al. 1981; Mahaffey et al., I982a; Mahaffey and Annest,

- irit. various reports have shown a strong negative correlation
<- .jl.ium intake and blotxl lead in children (e.g., Sorrell et al.,

'-i-ler et al., 1978; Johnson and Tenuta, 1979) and adults
, i\l Chamberlain, 1982). In the analyses of Ziegler el al.
i -: inverse association of blood lead concentration and calcium
- • inijnts was seen to extend into the low part of the range of

-..': nuke.
-- lutrients that interact inversely with lead exposure are zinc

|; Markowitz and Rosen, 1981) and phosphorus (Heard
1982).

- -; veiirs. a number of attempts have been put forth to provide
VAC. mathematical model of the relation of lead in exposure

- ' 'til and toxicuiugicaiiy active lead in the body, the in vivo
-.-"ijlizaiion of lead in the human body, the relation of lead in

>u;s and organs to likely biologic markers of exposure and
rJ even the relation of direct dose biologic markers to mark-

:*.'U died. Modeling approaches to metals in general are
-:t>> Clarlcson et al. (1988), and specific reviews of lead bio-
-̂ -ling are provided by Mushak (1989) and EPA (1986a).

- •' i>l in vivo loxicokinetics of lead differ greatly, both in their
-~r;'i-il data and in the types of lead exposure to which they

r -Me. One can broadly group loxicokinelic models of lead into
<•'<* iv-nlinear forms. We are interested here primarily in models

low-concentration lead exposure.
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Rabinowitz and co-workers (1976, 1977) used stable iv<r
distribution analyses in adult volunteers to develop a three,.'—',
model of lead disposition. The kinetically discernible J.rrrV
were blood (the most mobile, containing 2 mg of lead), v, • •
intermediate mobility, containing 0.6 mg of lead), and b»nt '»-
most stable, with a half-life of a decade or more and wtut-:~ •
total body lead).

The modeling efforts of Kneip and co-workers (Kneip c, »
Harley and Kneip, 1984) expanded earlier approaches in j r.
model that can be used to estimate deposition in children .•• :
ages. Figure 4-1 shows the major components of the HjiK-y i-.
(1984) approach that depicts six tissue compartments

Table 4-1 presents age-dependent estimates of IcaJ hv-
bone, kidney, and liver reported by Harley and Kneip il»:
age range of 1-20 years. Bone lead in children 1-6 ye.ir^. • ,,-
half-life that is only one-third that in older children ami onK /.
that in 8-year-olds. In contrast (and as expected), soli II-MK .,
lives are independent of age. Age dependence (over apes I !< .•
tissue burdens of lead was also estimated (see Table 4 2< \< •
peaks at 2 years and then declines gradually. Bone lead oiirr,--
that lead concentration in I-year-old infants is about W< <<t "i
year-olds—not greatly at odds with the laboratory ratio «t I .' *i
autopsy samples for about the same age interval.

The models referred to are for essentially steady-state etp •
associated complete mixing of the linked lead pools, ami ilu-k _•
order kinetics. They are chronic-exposure modeling api'i.M.1 .-•
not to be considered valid for acute lead poisoning.

At low to numerate lead exposure, linear models of le*l •«»-«»
appear to be as good as any other form of mathenwiiwjl J.f"'*
However, any model intended to be broadly applicable t" hijftff "f
sures must account for the known empirical curvilinearit> "I *'• "•' "*
as a function of some external lead concentration (e.g.. m *'••<" ' *
and multiple subpiK)ls of lead (e.g.. in blood and in hunei

Intake • Out Excretion

Urlno oxcrotlon
5

- 0.14 Ontana - oil (Jwran**)
, - 1.7*110-*

X,,-010

1 - 0 0 3
X4, - 007
l - o o .

i II Linear loxicokinetic model of Harley ami Kneip (1984). Model
• i .»n|Hinenl.s. including initial extracellular space-gut compartment.
•• «IM\ (/.) of compartment entry and exit are as indicated. Source:
•• <i il. 1983. Reprinted with permission from NruroToxicohgy;
• r* 1983. Inlox Press.

model proposed by Marcus (1985) is an attempt to
that show that plasma lead manifests a concent rat ion-

"»i eifiilihrium with erythrocytes in humans and that Mood lead
«sr*i,in is nonlinear over a broad range of exposure. Workplace
••-B represent the high end of the predictive range. The model
**» iniher good fit for data from studies by DeSilva (1981) and

(1984) of subjects exposed over a broad range.
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TABLE 4-1 Lead Half-Life Estimates by Age in Humans. H
Modeling

Tissue Half-Life, days

Age. yr Bone Kidney

1
3
6
8
15
20

1,135
1,135
1,135
2,560
3.421
3.421

10
10
10
10
10
10

M
1
1
\
\
1

Source: Adapted from Harley and Kneip, 1984, Table 4

Chamberlain (I98S) used a variant of nonlinear exposure -.
rationalize the nonlinear relations of blood lead to medu .
variable excretory function, dose-dependent urinary fuu-ti -i ,
incorporated dose-dependent transfer coefficients

I*t<>l4«lc Monltorim*

In recent years, the amount of lead entering the environing •«
clined because of regulatory or other risk-reduction actions jrv! - • •
lead burden considered to pose an unacceptable risk ot M <
declined. Those simultaneous decreases have shifted JIUTUI. • • >
lead exposures and their associated subtle adverse ellrcts Sr. •
sures add considerably to the complexity of interpreting k-jJ r'1"
kinetics. For example, the strong propensity for lead to »..<.- «
skeletal tissue and then be resorbed into blmxl with age mw
relative impact of endogenous input to bl«HHl at low t-imcenw J» •='
noted in a recent report to Congress on childhood lejd r-
(ATSDR, 1988), high-dose exposure is not necessary lor to*'.>l

Despite increasing interest in low-concentration lead e*p»*utr '
children still sustain acute and subacute overt poisoning tn fi

,.,. HUH"" •',« l< %••!•»

I • E-iirrules ot Age-Dependent Lead Concentrations in Tissue,
f [,nea Modeling*

Lead Concentration

Blood, pg/dL

11.9
16.2
14.5
130
104
1 1 3

Bone, jig/g ash

35.5
38.1
51.0
57.9
57.6
41.7

Kidney, jig/g
(wet weight)

0.7
1.0
0.9
0.8
0.9
0.7

• i- iif of lead absorbed (males).
v;.pirJ from Harley and Kneip, 1984, Table 12.

:! amtamination. It is still necessary, therefore, to consider
• .•rj.okinetics of lead at higher exposures.

•:meni of blood lead right after acute or subacute lead expo-
•- bohly the only means of unambiguously establishing such

•; .fhisiilm and Harrison, 1956; Chisolm, 1965; NRC, 1972,
• l i 'V I986a). That is because lead is rapidly absorbed into
•. N tlisirihuied to erythrocytes and vulnerable tissue sites while

- ':.H a lag in response by most early-effect indicators, such as
"•••tupniinnurnhyrin.

r - ft j| (|9g7) showed the relative reliability and suitability of
•d measures in an outbreak of acute lead poisoning caused by

--fun of lead-contaminated flour in a Spanish village. A group
' :• filing patients whose blood lead concentrations were known

'• '.>d were examined longitudinally. Of various exposure mea-
"-triihrocyte proioporphyrin, copntporphyrin, urinary delta-
"T.Mliiiicacid (ALA), blotnl delta-ALA-D. urinary lead, and blood
"•' "J lead most closely corresponds to the severity of acute or

ning and to the overall laboratory and clinical pictures in
merely affected people.
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For epidemiologic and clinical acceptability and utility, lead in the

whole blood of chronically exposed populations remains the biologic
marker of choice. It has been the traditional view that blood lead
generally reflects fairly recent exposure, i.e., exposure 20-30 days
before measurement. In cases of relatively stable exposure, however.
such a short-term index of lead uptake is still of considerable utility.

The collection of blood lead in children in well-designed studies
(either cross-sectional or longitudinal) is subject to problems of interpre-
tation. Child blood lead is highly responsive lo changes in exposure in
the preceding I or 2 weeks. Most studies involve a recruitment phase
that precedes blood lead collection (or the first blood collection in t
longitudinal study) by a few days to a few months. The recruitment
activity itself is an interaction with the child's family or caretakers that
might alter their behavior and increase their awareness of potential lead
exposure hazards. The primary exposure vector for young children is
household dust and surfact soil (even if the source is deteriorating lead-
based paint), so changes in caretaker behavior that reduce dust exposure
might cause a reduction in a child's blood lead concentration between
the time of recruitment and the time of blood collection. Such changes
include more frequent dusting and handwashing and more effective
control of child access to dusty or dirty places. Changes in caretaker
behavior are even more likely in longitudinal studies with repeated
contacts between investigators and subjects or in cross-sectional studies
in communities that have already had long-standing media coverage or
community controversy about removal of leaded paint or lead-contami-
nated soil.

Blood lead concentration as a short-term measure of exposure is less
accurate with subjects whose skeletal lead contributes substantially in
total blood lead concentration. Estimating total body lead burden is
complex and requires that all sources of lead be considered. Conse-
quently, it might be expected that, in people (children and adults) with
a high body lead burden lodged in bone, more of the lead in bone
would contribute to blood lead concentration and be reflected in the long
half-life of removal from blood. With regard to fractional contributions
of recent versus cumulative lead exposure to blood lead, various and
numerous studies have shown that the major component of a given total
blood lead concentration in a young child or adult is recent input, and

L

[he influence of cumulative input increases as a function of age and
uposure history (Duggan, 1983; ChristotTersson et al., 1984; Harley
wd Kneip, 1984; Schwartz el al., 1985; Schiitz el al.. I987a; Skerf-
ving, 1988). One exception would be retired or reassigned lead work-
ers who received heavy lead exposure in their working careers.

Table 4-3 summarizes data related to the toxicokinetic aspects of
blood lead in children. Corresponding data on diverse adult populations
are set forth in Table 4-4. The tables should he read for their implica-
tions for biologic monitoring, especially for low-dose exposures.

A number of conclusions are lo be drawn from Table 4-3, including:

• Blood lead appears to stabilize in older children, al least enough to
preserve rank order, especially when exposure is reduced.

• Rate of change of blood lead of infants and perhaps older children
in response to changes in exposure appears lo be a function of current
eiposure and accumulated body burden.

• Older children appear to preserve an earlier exposure history (in
hone stores), as shown in rank ordering; there might he at least (wo
lead compartments that contribute to blood lead concentration, one of
which is large enough lo preserve statistical association (consisting of
lead in bone), although continuing exposure cannot be ruled out when
Mood lead concentrations are large.

Data in Table 4-4 can be summarized as follows:

• Men and women usually exposed to lead in air and diet have a
lower rate of change in blood lead in response lo exposure changes than
tkose with little or no exposure.

• Bone lead can be an important source ot steady-slate blood lead
concentration, even under conditions of ordinary exposure. Similarly,
occupalionally exposed people can accumulate a skeletal burden large
enough lo become the dominant .source ol Minx] lead concentration even
after active exposure ceases.

• Blood lead clearance in substantially exposed people can be de-
scribed by two components, one of which is rapid (1-2 months) and
reflects soft-tissue lead, and one a longer-term bone component that is
reflected in reduction of hone lead stores.
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TABLE 4-3 Studies of Kinetic Behavior of Lead in Blood of Children

Study Group and Exposure

Half-
Life,
days Comments (References)

Infants, middle class; ambient
exposure

Infants, middle class; ambient
low exposure

Infants, low socioeconomic
status; heavy ambient exposure

Low-socioeconomic -status
children of battery workers;
secondary exposure

General U.S. child population;
varied exposure

School-age English children;
low exposure

U.S. children. 4-12 yr old;
increased ambient exposure

Blood lead very unstable for
first 20 mo Rabinowilz el al.,
1984)

5.6 Reanalysis of Ziegler el al.
(1978) data; mean-lime 8 days
(hall-life, 5.6 days) (Duggan,
1983)

ca. Reflects high body burden plus
300 in utero uptake in urban setting

(Succopel al., 1987)

Rank order of group preserved
over 5 yr; r = 0.74 (Schrneder
etal. , 1985)

Regression analyses of
NHANES Mood lead data
showed 30-day (best-tit) lag
with lead source (Schwartz el
al.. I98S; Annest and Mahaf-
fey. 1984)

Two blood lead sets, 20 mo
apart; rank order preserved
(Lansdown et al.. 1986)

Rank order of serial blood lead
measures generally preserved
(Divide! al.. 1982)

• Generally, blood lead half-life is highly variable because of such
factors as age, metabolic variability, total body burden, and concentra-
tion and duration of exposure.

With careful attention to methodologic details, blood lead concentra-
tion analyses by competent laboratories can be used in general popula-
tion surveys of trends in lead exposure. That has proved especially
useful in relating recent declines in blood lead concentration and reduc-
tions in such sources as leaded gasoline.

ruisma

Earlier data suggested that plasma lead does not vary across a broad
range of total blood lead, but it is now accepted that plasma and eryth-
rocyte lead are in equilibrium and that the plasma fraction of lead is
stable up to a blood lead concentration of 50-60 pg/dL, at which the
fraction increases (Cavalleri et al.,1978; DeSilva, 1981; Manton and
Malloy, 1983; Manton and Cook. 1984).

The existence of an equilibrium of lead between plasma and erythro-
cytes indicates that some fraction of total erythrocyte lead can be shifted
to plasma in responses to downward shirts from steady-state exposure.
That accounts for the fast component of blood lead decay, which is
commonly faster than that expected from erythrocyte turnover rates.

Plasma lead concentrations at steady state are extremely small, often
less than I % of blood lead concentration, and rarely above I jig/dL.
Even at blood lead concentrations over 50-60 fig/dL, they go up to only
a few micrograms per deciliter. That makes it unlikely that a typical
clinical laboratory will routinely analyze plasma lead, owing to such
comp'v-Minj; factors as ambient lead contamination and ready hemolysis
of high-lead erythrocytes.

Human deciduous teeth accumulate lead in substantial quantities over
(heir embryonic and postnatal life, up to the time of shedding. Teeth
are anatomically and metabolically diverse, and this affects lead toxico-
kinelics in the mineralizing matrix.

Like bone, teeth have long been recognized as relatively useful
tissues for assessing biologic markers of long-term lead accumulation.
Unlike hone, however, teeth irreversibly sequester lead (Cohen, 1970);



TABLE 4-4 Studies of Kinetic Behavior of Lead in Blood of Adults

Study Group and Exposure Half-Life, days Comments (References)

Experimental studies:

Volunteers exposed to stable "'Pb in
diet

25

Volunteers inhaling "'Pb tracer aerosol 16

Volunteers inhaling cold lead aerosol at 28 (10.9 fig/m1)
two concentrations 26 (3.2 nf/m')

Short-term study, nonequilibrium kinetics
for bone lead release (Rabinowitz et al.,
1976)

Short-term study, nonequilibrium kinetics
for bone lead release (Chamberlain et al.,
1978)-

Short-ierm study, nonequilibrium kinetics
for bone lead release (Griffin et al.,
1975)

Epidwriioloyic studies:

M<rn in En^UnJ: low ambient cipoNure I T O - 1 80 Seri.il -urv.ey of hliMxl lead after lowered
t-*p»'*urc I I X C T longer lime <Dcl \r% ct a j . .

. ..I , i, ...-"•. .,r Htnrml 1. 1. ..I

Lead workers; exposure reduced because 20-130
of strike at plant

Lead workers; exposure reduced because 79-130
of medical removal for excessive
exposure (>60 >ig/dL)

Lead-poisoned workers removed from 619 (median)
active exposure for medical reasons

Retired lead workers examined with in
vivo x-ray fluorescence for tibia lead

J«i ptntile% «it rclireU w«iiker% (S«.huli cl
-I . 1987.)

Broad range of ihon-tenn blood lead
component (O'FUherty et al.. 1982)

Broad range showing exposure history
(Kang et al., 1983)

Major input from slower, bone-lead-
based component (Hryhorczuk et al.,
1985)

Blood lead in ex-workers primarily from
bone resorption (Christoffersson et al.,
1984)



U.S. children, high exposure I ircumpulpal ilentin. xht*u lotrlh

U.S. children: range of exposures Whole tooth; various tooth types

U.S. urban children; with higher Incisors in vivo, related to
lead exposures concurrent blood lead

Danish children; much lower
exposure than U.S. children

British children stratified by
socioeconomic variables

Belgian children; vanabie lead
exposure

Circumpulpal dentin

Tooth crowns (shed tooth minus
resorbed pulp)

Whole tooth

U.S urh^n chi ldren have higher
UH>th lead lhan controls (NeeJIcman
and Shapiro. 1974)

Lead vanes with tooth type (Mackie
et al., 1977)

Correlation of in vivo tooth lead
with blood lead (single; r = O.S)
(Shapiro et al., 1978)

Concentration varies with age and
tooth type (Grandjean et al., 1986)

Considerable variance with type and
position in jaw (Delves et al., 1982)

Normalizing for age gives better
index of exposure (micrograms per
gram per year) (Steenhout and
Pourtois. 1981)
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of life—e.g., in osteoporosis in postmenopausal women. The second is
toxicokinetic and methodologic: the extent to which real-time monitor-
ing of bone lead can be used to determine unsafe rates of body lead
accumulation.

It used to be widely held that the human skeletal system provides a
metabolically inert depository for lead and that the huge amounts of lead
being sequestered were inconsequential for health-risk assessment. That
confidence rested in part on the assumption that bone was kinetically
homogeneous as a lead compartment, with a half-life long enough hi
forestall risk of ready transfer back to blood. Current evidence argues,
however, that bone is both a set of compartments for lead deposition
and a target for lead toxicity. The dual identity complicates bone lead
kinetics when it is applied to long-term modeling. The mobility of hone
lead to blood is important. Table 4-6 summarizes studies that helped lo
characterize bone lead as a potentially toxic fraction of whole-body lead
in sensitive populations. (Some of the material overlaps that presented
earlier on blood lead.)

Human bone appears to have at least two, and possibly three, kinetic

TABLE 44 Studies of the Kinetic Behavior of Lead in Human Bone

Study Group and Exposure Comments (Reference*)

Bone lead adds approximately 65%
to total Mood lead in retirement;
accounts for half-life of 5.6 yean
(Schulzetal.. I987a)

Chelalahle lead well correlated with
tiahecular, hut not cortical bone
(Schutzetal.. I987b)

Chelatahle lead is age-dependent,
showing hone contribution (hone lead
age-dependent) (Araki and Usbio,
I982)

U.S. urban high-risk children meet- Tibial (cortical) lead correlated with,
ing lest criteria for in vivo libial lead and predictive (with Wood lead) of
vs. chelation test chelalable lead (Rosen el at.. 1989)

Swedish retired lead workers; 3-45
yeant of lead exposure

Swedish lead workers; work expo-
sure variable; in vivo analysis com-
pared with chelalahle lead

Japanese lead workers at various
ages

Aill'Ml* <* I f A l < I t 'XMHY

ally distinct lead compartments. Lead in irabecular (spongy) bone
appears to be more mobile than lead lodged in cortical (compact) hone,
and there appears also to be a fraction of bone lead in equilibrium with
the lead in blood (see. e.g., Skerfving, 1988). Trabecular bone seems
10 be an important source of resorbed lead when high exposure is
reduced, e.g., through removal for medical reasons, by retirement of
lead workers, or in response to chelation in adults (Schiitz et al.,
I987a). In young children, in whom only cortical bone has been
examined, lead appears to leave cortical bone (tibia) (Rosen et al.,
1989).

In the aggregate, the information in Table 4-6 makes it clear that
bone lead readily returns to blood in substantial proportions. Although
the mobilization is most apparent in people with a history of occupation-
al exposure, bone lead also appears to he a major contributor in older
people with ambient exposures to lead. More important, it is clear that
hone lead is constantly mobilized in young children as part of physio-
logic remodeling of bone in the growth process. In addition to having a
smaller fraction of total body stores of lead in bone, young children
continuously recycle lead from bone to blood and other nonosseous
(issues in bone reformation that accompanies the growth process.

Milk

Milk is the primary dietary constituent lor young infants. Although
die concentration of lead in human milk and infant formulas is relatively
low (about 1.7 /tg/dL), the volume consumed is large and thereby
constitutes the primary source of lead for young infants, amounting to a
daily intake of up to 50 /ig (Ryu et al.. 1985). Lead content of breast-
fed infants' milk correlates well with their blood lead concentrations
until 6 months ot age (r = 0.42, p < 0.0003) (Ryu et al., 1985), when
infants begin to crawl and walk. At these times of infant and child
development, milk lead content accounts for less than 10% of blood
lead concentrations (Rubinowitz et al., I985H).

Some studies have found a close correlation between maternal and
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newborn blood lead concentrations (Rabinowitz and Needleman, 1982;
Korpela et al., 1986), but changes in compartmentalization of lead
between blood, soft tissues, and bone of both mother and fetus might
well be nonlinear and affected by nutritional status, as well as hy
marked differences in body composition between the developing fetus
and the pregnant woman. In fact, blood lead concentrations during
pregnancy have been seen to decline, rise, or evidence no definite trend
(Davis and Svendsgaard, 1987).

Birth weight, head circumference, and placenta! weight were reduced
as a function of placenta! lead content in a group of 100 obslelrically
normal infants (Ward et al., 1987). Moreover, in the Port Pirie study
in Australia, preterm delivery, defined as birth before the thirty-seventh
week of pregnancy, was significantly related to maternal blood lead
concentrations at delivery in a dose-response manner (McMichael et al.,
1986). The latter study was carried out in 831 pregnant women, and
the data were assessed by multivariate techniques. It has also been
reported that placental lead content increases with lead exposure (Roels
et a)., 1978; Khera et al., 1980; Mayer-Popken et al., 1986); and in a
limited study of amniotic fluid lead concentrations, it was found that
concentrations of lead at term (59.6 ±8.3 ng/ml) were significantly
higher than maternal blood lead (40.4 +. 18.2 ng/ml) and umbilical curd
blood lead (37.1 ± 13.5 ng/ml) (Korpela et al., 1986). Moreover.
amniolic fluid concentrations tailed to correlate with maternal or cord
blood concentrations. Measurements of bone lead and blood lead
concentrations (in pregnant women throughout the course of pregnancy),
assessments of amniotic fluid concentrations, and placental lead concen-
trations at term collectively hold promise for further characterizing the
dynamics of maternal-fetal lead transfer.

ami Urinary I ea«l

Spontaneous excretion of lead in nonoccupationally exposed humans
is a highly variable process that involves small concentrations of lead
(EPA, 1986a). In view of the difficulty of analyzing lead at low con-
centrations in a complex matrix, urinary lead appears to have little
utility for general screening.

In contrast, the plumhuresis associated with lead mobilization pm-

4f llAI I«\MII>

vides what is considered the best measure of the potentially toxic
fraction of the total body lead burden (see CDC, 1985, 1991; EPA,
I986a). On the basis of various in vitro experimental and epidemiolog-
ic studies (Chisolm and Barltrop, 1979; Piomelli et al., 1984; CDC,
1985; EPA. I986a; Mushak, 1989), chelatable lead is assumed to be a
chemical sample of both mobile body compartments—i.e., blood and
soft tissues—as well as of subcompartments of bone.

IK 14 * 14: MAIWI U» 41 1 1 1 1 4 I

This section examines biologic markers of early subclinical effects of
lead that have potential value in the quantitative assessment of human
health risk. It serves as a bridge between human lead toxicology and
the practice of laboratory screening in analytic toxicology for the
evaluation of lead intoxication. Elucidation of biologic markers of ef-
fect also sheds light on mechanisms of toxic action. Methodologically,
markers of effect are any measurable biochemical, physiologic, or other
alteration from normal in humans that shows potential health impair-
ment. The theoretical advantage of markers of effect over markers of
exposure is that markers of effect reflect actual biologic responses of the
body. A practical advantage in many instances is that markers of effect
ire relatively independent of the vicissitudes of lead measurement,
particularly the contamination of samples with lead.

If a biologic marker is a robust early perturbation in response to low-
dose exposure, it might be found in most of the target population. It is
important that such an early perturbation not be likely itself to constitute
i bona fide adverse effect and that it be useful in avoiding exposure
sufficient to produce adverse effects in other organ systems. Given
present knowledge, a biologic marker should reliably operate at a blood
lead concentration below the 10 /ig/dL associated with population IQ
decrement, neurobehavioral changes, and deficits in growth indexes in a
discernible fraction of young children. Some (e.g., Friberg, 1985) have
even argued that markers of effect themselves indicate that it is already
too late for monitoring to prevent any toxicologic perturbation at all.

Biologic markers of lead's effects are often confined in usefulness to
a range of body burden of lead. As acceptable magnitudes of lead
exposure have been reduced, it has been necessary to re-evaluate the
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relevance of biologic markers of effect, as is the case with biologic
markers based on lead's disturbances of heme synthesis.

This section deals with the epidemiologic utility of established mark-
ers of effect, including brief statements on the underlying toxicology
and pathology. The markers are discussed in terms of their current
usefulness and reliability as the definition of "safe" lead exposure
continues to change. The section also discusses the use of markers for
elucidating mechanisms of toxic action.

na«ml on DHturiKinco
of Iteme fynthmK

Lead affects the biologic synthesis of heme at various steps in i
number of important organ systems (see Chapter 2, especially Fig. 2-5)
Overall toxicity in the synthetic pathway at moderate exposures is
attributable to effects on three enzymes, although others can be affected
at larger exposures. The three effects are stimulation of the activity of
delta-ALA synthetase (delta-ALA-S), the mitochondria! enzyme that
mediates the rate-limiting step in heme formation; inhibition of the
activity of the cytosolic enzyme porphobilinogen synthetase (PBG-S or
delta-ALA-D); and inhibition of the activity of the mitochondria! en-
zyme ferrochelatase or inhibition of intramitochondrial movement of
iron to the ferrochelatase site.

The steps in heme synthesis are not uniformly sensitive to lead, nor
are they all equally useful in development of biologic markers of effect;
only some steps are useful this way. Some of the relevant characteris-
tics of biologic markers based on disturbance of heme synthesis are
presented in Table 4-7.

Inhibition of the activity of the enzyme delta-ALA-D occurs at a very
low body lead burden, indexed as blood lead; the threshold of this effect
is 5 /ig/dL or even lower (Chisolm et al.. I98S; EPA, I986a). Hern
berg and Nikkanen (1970) produced data that allow an estimate of 50%
inhibition at a blood lead concentration of 16 j*g/dL. Thus, at current
exposures in the United States, many people would be expected to have
measurable inhibition of the enzyme.

The enzyme is retained in the mature erythrocyte with a function thai
is vestigial compared with its role in blood-forming and other tissues.

Atu.Mi'% «<i IIAI I « \ K I I >

The erythrocyte enzyme's response to lead is similar to its response in
other tissues at high lead concentrations (Seechi et al., 1974; Dieter and
Finley, 1979; EPA, I986a), but tissue activity at low concentrations is
unknown.

Lead directly affects delta-ALA-D activity by active-site inhibition
through thiol-site binding (e.g., Finelli el al., 1975). That behavior
produces two problems: one is related to diagnostic utility, in that
direct measurement of lead is equivalent to measurement of delta-ALA-
D enzyme activity, and vice versa; the second is methndologic, in that
measurement of delta-ALA-D activity is affected by lead contamination
of the sample just as direct hlood lead measurement is. In addition,
enzyme activity is affected by zinc contamination: zinc offsets lead
inhibition and produces inaccurate results.

The distribution of delta-ALA-D in sensitive populations is genetical-
ly polymorphic and occurs as three phenotypes (Doss et al., 1979;
Battistuzzi el al., 1981; Astrin et al., 1987). Consequently, delta-ALA
D-activity screening in tandem with phenotype identification (Astrin et
al., 1987) distinguishes subjects who are genetically most susceptible al
i given blond lead concentration and those who merit maximal protec-
tion from exposure.

With increasing inhibition of delta-ALA-D activity, delta-ALA
accumulates in the body and eventually in urine. The threshold for
urinary ALA accumulation (as hlood lead concentration) can be up to 40
pg/dL for workers and children, depending on measurement method
(NRC, 1972; Chisolm el al., 1976; Meredith el al., 1978; EPA, I986a;
Okayamaet al., 1989).

Not only does urinary ALA accumulation have a high threshold in
terms of magnitude of lead exposure, but its util i ty in low-exposure
screening is generally assumed to be valid for groups, rather than for
individuals, such as lead workers (e.g., Roels et al., 1975; Alessio et
al., 1979). Statistically, the sensitivity and the specificity of the method
are such that high predictability (minimal false negatives or false posi-
tives) exists only at high hlood lead concentrations (e.g., Okayama el
al., 1989); that rules out its use in young children and pregnant women
*ho receive low-dose lead exposures. Reports of screening of high-risk
children with colorimetric measurement of urinary ALA indicate poor
correlation with blood lead concentrations (Rlanksma el al. , 1970;
Specter et al., 1971; Chi.solm el al., 1976).



TABLE 4-7 Heme-Synthesis Disturbances and Effect Markers

Lead Effect Result

Marker Threshold,
Lead Concentration,
jig/dL Comments

Inhibition of delu-ALA-D Accumulation of ALA in
(PBG-S) activity tissues and urine

Feedback stimulation of
delta-ALA-S activity

Accumulation of urinary
ALA

Minor contribution to total
ALA in urine

40

20-40-

Sensitive for current popula-
tion blood lead concentra-
tions; problematic relation to
tissue effects

Not a feasible marker

Useful for population screen-
ing; limited in individual pre-
dictability; not useful for
childhood screening

Inhibition .'I hcme tnrnuiiim AwXunuiLuinn ol u-n.lhr<K>U- l^-:o uhiUlivn)
Horn pioi.ipmphMtn IX pn.ioporphviin m hlntnl .'s <» i .i.lnll-i

Most common -^
irufktT lor vhiUtfn 4fiJ

•Depends i>n method of measurement (Chapter 5).
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The aspect of heme-synthesis disturbances by lead that has been most
widely exploited as a biologic marker of early effect has been the
accumulation of the heme precursor erylhrocyte protoporphyrin IX or
zinc protoporphyrin (EP or ZPP) in blood of children and in some adult
populations. EP accumulates in response to lead-related inhibition of
the activity of the intramitochondrial enzyme ferrochdatase or lead-
related impairment of intramitochondrial iron transport (Chisolm and
Barltrop, 1979; CDC, 1985; EPA, I986a; Moore et al., 1987). EP
increase therefore indicates a generalized mitochondrial toxic response
It accumulates only in newly formed erythrocyles during the active lead-
exposure period, and it takes weeks after onset of exposure for it in
show up. It remains increased after lead exposure ceases, and ii de-
creases in proportion to the turnover rate of the human mature erythro-
cyte, i.e., about 0.8%/day in the absence of decreased cell survival.

EP accumulation is exponentially and directly correlated with blood
lead in children (Chisolm and Barltrop, 1979; Piomelli et al., 1982.
1984; Hammond et al., I98S) and in adults (Grandjean and Limrup.
1978; Lilis et al., 1978; Valentine et al., 1982; Alessio, 1988). The
population threshold of blood lead concentration for a lead-associated
EP response is 15-20 jtg/dL in children (Piomelli et al., 1982; Ham
mond et al.. 1985) and 25-30 /ig/dL in lead workers (Grandjean and
Lintrup, 1978).

The utility of EP accumulation in a rapid and cost-effective screening
procedure for high-risk children in the United Stales was recognized
early; it was so attractive for screening at the high Mood lead concentra-
tions common in the early 1970s that it became part of the screening
method advanced by the U.S. Public Health Service in 1975 (CDC,
1975). In its 1975 statement, the Centers for Disease Control and
Prevention linked EP of 60 jtg/dL of whole Mood to later measurement
of lead in venous blood. A combination of a blood lead of 30 /ig/dL or
higher and an EP of 60 /tg/dL or higher was taken as evidence of lead
toxicity. In 1978, the combination was modified to lead of 30 jig/dL
and EP of 50 jig/dL or higher (CDC, 1978). The new CDC statement
(CDC, 1991), however, makes it clear that use of EP is not practical or
useful for low blood lead concentration in portions of the multiliered
approach now being recommended.

Lead-associated EP increase is similar in hematologic result to iron
deficiency, so the use of blood EP as a lead-specific marker must take

I M H 4 M J*lAl 1 1 1. * < I I I \l It Ml lit

into account the relative risk of iron deficiency or the actual iron status
of the people being screened (CDC, 1985; Mahaffey and Annest, 1986;
Marcus and Schwartz, 1987; Piomelli et al., 1987). But it has to be
kept in mind that the rare genetic disorder erythropoietic protoporphyria
produces high concentrations of EP that are discordant with blood lead
concentrations.

Increase in EP concentration, as a measure of lead exposure, differs
from increase in urinary coproporphyrin (CP), a heme precursor that
was traditionally used as u marker of childhood and worker exposure to
l<!ad before the heavy use and popularity of EP measurement. Urinary
CP responds only to active lead exposure and intoxication and is a
measure that reflects current exposures (Piomelli and Graziano, 1980).
The threshold for urinary CP increase appears to parallel that of urinary
ALA, being about 40 /ig/dL in lead in blood.

The apparent interference of lead in the kidney l-hydroxylase system,
which uses heme, is discussed with respect to vitamin D later in this
chapter.

A4.irk<>rt if 4 lin>r DM Ni>i< >v%l«>im

Biologic markers (hat are bused on biologic systems other than heme
synthesis are presented in Table 4-8.

Lead intoxication produces impairments in blood-forming tissue other
than those directly involved in heme synthesis. Lead strongly inhibits
an enzyme central in erythropoietic pyrimidine metabolism, pyrimidine-
S'-nucleotidase (Py-5'-N). The enzyme catalyzes the hydrolysis of pyri-
midine nucleotides from the degradation of ribosomal RNA fragments in
maturing erythrocytes. Inhibition leads to accumulation of the nucleo-
lides, and ribosomal catabolism is retarded (Puglia and Valentine, 1975;
Angle and Mclntire, 1978; Buc and Kaplan, 1978); at high lead expo-
sures, inhibition is severe enough to prtnluce hasophilic stippling from
nndegraded fragments.

The blood-lead threshold for this effect, based on lead-exposed
children, appears to he around 10 /ig/dL (Angle et al., 1982; Cook et
>l, 1986, 1987). Sensitivity for predicting a hltMKl lead concentration
equal to or greater than 40 /ig/dL is 80% (using an enzyme activity
mean below 2 standard deviations (SDs)); specificity, as percentage of
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children with an adequate enzyme activity who had blood lead less than
40 pg/dL, was 96 (Cook et al., 1987). The status of this marker for its
relevance to lead toxicity is analogous to that of delta-ALA-D, noted
above. Like delta-ALA-D, it reflects the presence of biologically active
lead at a site not readily probed directly. At some point in increasing
lead exposure, lead-related inhibition of the enzyme will produce an
accumulation of pyrimidine metabolites. Py-5'-N activity is also quite
low in a genetic disorder that produces a hemolytic anemia due to such
inhibition and ribosomal fragment buildup (Valentine and Paglia, 1980).
Consequently, people with this phenotype, which is rare, are extremely
sensitive to lead exposure and merit both identideation and added
protection from lead exposure.

Lead exposure results in inhibition of erylhrocyte membrane Na*,K4-
ATPase, which mediates the control of intracellular movement of both
these physiologically crucial ions (Raghavan et al., 1981). Inhibition
produces loss of cellular K*, but does not disturb input of Na*; it
produces cell shrinkage, a net increase in sodium concentration, and
increased fragility and lysis.

This marker of membrane ATPase has been examined quantitatively
only in lead workers (Seechi et al., 1968; Raghavan el al., 1981) in
whom it appears that the inhibition correlates well with membrane lead
concentrations, but poorly with total blood lead. Its broad applicability
to screening of lead workers and other populations is problematic.

In young children, increases in blood lead are associated with distur-
bances in vitamin D function, notably formation of the hormonal metab-
olite i.2S-(OH)j-vitamin D, which is crucial for a wide variety of
functions (see Chapter 2). The threshold for reduction of concentrations
of l,25-(OH);-vit;nnin D in terms of blood lead appears to lie at blood
lead concentrations of 10-15 fig/dL (Rosen el al.. 1980; Mahaffey et
al., I982b); the effect on vitamin D function is uniformly distributed
Kross the range of blood lead concentrations.

Reductions in plasma concentrations of the hormonal metabolite are
mil suitable for use as biologic markers of effect. The reductions in this
metabolite and some other early effects are now known to occur in
some people at quite low concentrations of blood lead (including cogni-
tive and other neurobehavioral end points) and are. in fact, adverse
effects, given the crucial function of this hormone in the body, and one

I
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must therefore use other more sensitive effect markers before decre
ments in circulating concentrations of 1,25-(OH),-vitamin D would be
detected.

i&levance rt Current Markers rf Effect
frr Low-Drae fxn«*iire$

The utility of commonly used biologic markers of effect is related lo
the range of body lead burden of concern. Summary comments regard
ing these are provided in Table 4-9.

Use of increase in EP in lead screening of high-risk populations
j

TADI.E 4-9 Markers of Effect Relative to Low-Dose Lead Exposure

Marker Threshold, Effectiveness

Activity of ALA-D
(PBG-S) inhibition

EP increase 15-20 (children)
25-30 (adults)

Sensitivity at low expo-
sure; relevance lo tissue
effects questionable;
useful for pbenolype
sensitivity lo lead
toxicily

Yields too many Use-
negative remits at
blood lead around
25 fig/dL; no correla-
tion at Mood lead of ID-
15

Urinary ALA increase Up to 40

Urinary CP increase 40

Py-5'-N activity inhihi- 5-10
lion

Not useful at blood lead
01 10-15

Not useful at Mood lead
of 10-15 «AIL

Quite sensitive at Mood
lead of 10-15 fif/dL;
relevance lo toxic
effects questionable^

>
flHfCMC <>r tt\t tn
appears to yield an increasingly unacceptable rate of false-negative re-
sults as population blood concentrations decline and as the guideline
concentrations for what is acceptable exposure also fall (see Chapter 2).
Mahaftey and Annest (1986) showed that at the relatively high blood
lead concentration of 30 /ig/dL, the false-negative rate for blood lead
md EP in the NHANES II survey population approached 50%. As seen
in Chapter 5, such false-negative rates are lower, but are still high in
high-risk child populations like those in Chicago. One would expect the
rite to be even higher at lower blood lead concentrations, as seen in
analysis of the Chicago screening population cited.

Such measures as urinary ALA and CP apply mainly to relatively
high lead exposures, having thresholds of about 40 iig/dL. They would
not be of much use at current concentrations of concern, around 10

Inhibition of activity of both delta-ALA-D and Py-S'-N is significant
ai blood lead concentrations of 10 /ig/dL and less. Consequently, they
would technically be useful markers; but they appear to offer little
advantage over lead measurement itself, because the presence of eryth-
rocyte lead produces continuing inhibition, and contaminating lead (and
tine in the case of delta-ALA-D) would also affect the measurements of
tnzyme activities. In the case of delta-ALA-D, and perhaps that of Py-
S'-N, use of these markers in tandem with assessment of genetic pheno-
lype would identify subjects at great risk of hematotoxicity even at low
doses of exposure. That would be especially important in children
homozygous for the ALA-D-2 allele (Astrin et al., 1987), but also
important in heterozygous children. A significant number of such
phototypes are seen in traditionally high-risk populations (e.g., Doss et
il., 1979; Rogan et al., 1986; Astrin et al., 1987).

r«4<!nll«il Aiiirk«r« if I (tort

Despite the limited utility of many of the conventional biologic
markers of effect either at high exposures for such organs as the kidney
or at increasingly lower general exposures, it is still of interest to
consider available information on some candidates for biologic markers.
These are classified as enzymes, binding proteins, and metabolites. A
summary of the potential markers of effect is given in Table 4-10.
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TABLE 4-10 Potentially Useful Markers of Effect of Lead Exposure

Marker Threshold Comments

Enzymes

Urinary /V-acetyl-beta-D-
glucosaminidase

Erythrocyte nicotinamide
adenine dinucleotide (NAD) in
exposed subjects and in vitro

Lead-Binding Proteins

Erythrocyte low-weight binding
proteins in association with lead
toxicity

Metabolites

Approximately 60 pg/dL

Not measured, but lower than that
for Py-S'-N

Protein low in lead workers with
overt toxicity

beta-lsobutyhc acid ((MBA) in urine Increased threefold at blood lead
approximately 60 W5/dL; no
threshold calculated

Most sensitive measure of tubular
injury by lead so far

Reflects damage to formation and
function of NAD: suggests that
genetic susceptibility to NAD
reduction can be exacerbated by lead
exposure

Serves a protective function
analogous to suggested function in
animal kidney

Suggests that lead is damaging DNA
function and formation via increased
thymidine degradation to P-IBA
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The presence of proteins with an avidity for lead in kidne) «t< vu
was discussed in Chapter 2. In the erythrocytes of variaN) n^
lead workers, there is a lead-binding protein that appears to he m.in,,
linked to clinical manifestations of occupational lead intoiicju* ,
the higher the erythrocyte concentration, the more resistant thr %• «,
appears to be to overt poisoning (Raghavan et al.. 1910. 1911 i.,.
and O'Gorman, 1986). The protein's function is reminncem .-f i,t*.
cytosol lead-binding protein (e.g., Oskarsson el al., 1982; (im -| M
Fowler, 1985).

Lolin and O'Gorman (1988) measured the protein in leaJ »rtr,
with various degrees of lead exposure. The protein was quantity* •
two peaks, which suggested a heterogeneous protein, li w» fteua *
erythrocytes from all lead workers, but absent from cnmvh TV.
threshold for induction of the protein was about 38 jig/JL or lot «•
indicates some utility for monitoring in occupational etp^n
Equally important, concentrations of the protein are sijnifK-intU i ••«
in people with clinical toxicity. Furthermore, those worker* (>vii >j
the concentration of the erythrocyte lead-binding protein »» rHm: *
intensity' of exposure (past and present), not its duration Thx « »
typical of inducible proteins.

Lolin and O'Gorman have postulated that the protein is pM«a.t •
its function and would play a special role in subjects who are puti.**
ly susceptible to lead's effect on, e.g., ALA-D activity Tfcn t*
found earlier (Lolin and O'Gorman, 1986) that there is a type -t « »
D activity inhibition not seen in environmental or nnwiovp***
exposures. Such protection targeted to preservation of ALA I) Kvr»
is consistent with the findings of Oskarsson et al. (1982) and (i*«i
and Fowler (1985) that rat kidney ALA-D activity is notably re»n:w «
lead and that this is due to the presence of a kidney c)i«^-i . •"«
binding protein. The analytic data on both worker eryil>rm:>« »v •»
kidney cytosol protein structure suggest metallothionein. » IK* N

Goering and Fowler (I985) and Lolin and O'Gorman H*" •«•
further work is required to establish this fact.

,„<« HUM" I* I tAI>

.̂ Amimiisobulyric acid (hela-AlB) is a normal degradation product
j.riJiM. a constituent of DMA. Unlike typical amino acids, it is

-,., warto! as a catabolic metabolite via the tubule. It is normally
,«.,! ji km rales in humans not exposed to lead (6 nmol//tmol of
•j-x) Farkas and co-workers (I987) examined the concentrations
MiMtiMile in urine of workers occupationally exposed to lead

• i mymoset monkeys experimentally exposed via tap water. In
,.\-i «iih a mean blood lead concentration of 64 pg/dL and a mean
> f iiTpg/JL, there was a tripling of urinary output of beta-AIB.
> t.--thnlJ was determined for excretion beyond the normal range.
:*i-ins. there was a dose-dependent increase in urinary excretion.
i?<utot beta-AIB's handling by the kidney, the increase in the

*/. :.!e is a marker more of DNA damage through increased degra-
. • ! ihvmidine to beta-AIB.

rf I< xlcitr AtcchanKnn

nf effect not only are useful in the screening of high-risk
rxiu. hut also help to establish the various molecular and cellular

>ms hy which lead imparts multiorgan toxicity in those high-risk

»«l\»H.IIUill I) lOTIIMlil II

l elsewhere, lead exrn)sure is associated with reduced blood
inns of the hormonal metabolite of vitamin D, I,25-(OH)2-

•D Such reductions with blood lead concentrations of 33-55 ^g/
'--?:̂ imire, rival those seen in several disease states (Rosen el al.,
MJutteyetal., 1982h; Rosen and Chesney, 1983). Consequent-

• .tuins in this hormone at lower lead exposures are signaling
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early metabolic disturbance. Reduced concentrations of the t. ,,,„
indicate that lead has two mechanisms of adverse effect uui r»'-,""
can operate in high-risk populations. The first concern t, ,",
consequences of disturbance in the hormone-calcium relating- m
the second concerns the many roles played by l.25-(OHi, \ -4- , •
beyond regulatory control of calcium function.

A major mechanism of cellular lead toxicity appears in he i
ence in calcium homeostasis and function (Chapter 2). SiKh i
ence occurs either directly, via lead-calcium interactions in ihc .r: >
through impaired function of calcium as a second mnsenfrr 4* ,.
disturbed regulation by 1,25-(OH),-viiamin D (Rasmus<en. i-.v4,
Pounds and Rosen, 1988). It implies a risk of impaired tun: •, ,
vesicular intestinal calcium'and inlracellular calcium in NTH <•
Calcium-based effects are broadly distributed as in tissue inj .,'--n
sites, including the vascular system and developing neural iv •..»
tissue.

As summarized in Table 2-3, other physiologic function* r*'r» > •
can be altered by reduced concentrations of 1,25-(OH I, \ m-• :
They include parathyroid phospholipid metabolism, cyclic (iMI1 \- o»
tion in skin fibroblasts, renal phosphate reabsorption. anJdiitit;- »•
and proliferation of diverse cell types. In addition, the dun. r •«
munication, and cytostructural organization of many cell HT- • •
affected.

Heme is a prosthetic group for many functional proteins im-
cell function and survival, and its formation is obligator) M
functions in many tissues, especially Wood-forming tissue. mu
ney, liver, and brain (EPA, I986a). Evidence of an effect -t
heme formation would constitute a far-reaching mechanistic Juc
toxicity.

Heme formation is an intramitochondrial process
whether by inhibition of the intramitochondrial enzyme le
by impairment of intramitochondrial delivery of the iron ji.-m r
porphyrin. can he ccmsidered a marker of generalized mit-.
toxicity of lead in heme formation f«>r a large number of cell e
types.

inf.'"«
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enhance susceptibility to lead toxicity is nutrition-
3 Various nutritional factors have been shown experimentally to

and tissue concentrations of lead (Mahaffey, 1985).
•^..rh experimental diets can be manipulated to create a wide range
tr:i.<nil problems, factors of clinical importance are far more

< val Those considered of greatest importance to young children,
,-• 0 many adults, are total food intake, frequency of food intake,

i 'diry intake of some trace minerals, notably calcium and iron
ttfn. 1985).
«•{ adults have been reported to absorb a substantially greater

.-«%<( dietary lead than nonfasting adults (Rahinowitz et al., 1980;
t: mJ Chamberlain, 1982). Comparable data on the effects of

•( in lead absorption by children and young nonhuman primates

the role of dietary calcium in absorption and retention of
• - -Kiiul lead, it is essential to recognize that effects reflect both
.- i\J lung-term variation in dietary calcium intake. Numerous
i.t »iih experimental animals fed diets low in calcium have estab-
•--jtalcium deficiency increases both tissue retention and loxicity
-ii 'Mjhjtley et al., 1981). Long-term calcium deficiency produc-
*•' 'l"gk adaptive mechanisms (Norman, 1990), including in-
. •-• ..mcentrations of various binding proteins and stimulation of the
-*and regulatory systems that regulate the concentration of
-. :;jlcium. Parathyroid hormone and l,25-(OH),-vitamin D are
- ••• regulatory control of calcium.

' logic controls that react to changes in dietary calcium also
- ?; hiukinetics of lead. Generally, calcium deficiency increases
«' «-.-ity (Mahaffey et al., 1973). but it is not clear that the increase

'.«> occurs predominantly because of physical competition be-
^ tl.wm and lead for absorption. The mechanisms that produce
a?s m lead absorption as a function of calcium status are not well

*-~4.is can adapt to a wide range of iron requirements and intakes
" 'WO). There are two basic principles of adaptation to differenc-
1 -*'fi intake: Regulation of iron absorption is achieved by the

«r««inal mucosa, and fractional absorption depends directly on
' *iMic need tor iron. How the gastrointestinal tract achieves
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adaptation to change in dietary iron intake and change in in* tor r,
ment remains an unanswered question in iron metabolism (fu>l ;•>*,

Iron deficiency increases tissue deposition and toxicity of If* y,
haffey-Six and Coyer, 1972). Ragan (1977) demonstrated i,u
increases in tissue lead in rats when body iron stores were f<Ju.«: M
before iron deficiency developed. The influence of iron suiut.« ,„
absorption has been investigated in adult humans, hut with j «**
results (Watson et al., 1980, 1986; Flanagan et al.. I98?> h -. ».
clear whether the difference reflects the severity of iron Jefi. -
differences in analytic approach, or some other undefined ij.i -i .
high prevalence of iron deficiency occurs in infants. chilJtr- M
adolescents because of the need to expand the body's iron j».. 1,
growth. Women have higher iron requirements because ni n~-n
blood losses. The iron requirement of a normal pregnana i* <- • •
matdy 500 mg, which is distributed to the fetus, placenta. anJ n-.-. -
maternal erythrocyte mass.

It is critical to recognize that the groups of people »hn kj.r -•<
highest environmental lead exposures are also at greatest rut • - •
deficiency (Mahaffey and Annest, 1986). The greatest wnp^i • i
deficiency is in young children, who develop detects in attend • i.-*
that lead to learning and problem-solving difficulties (hi/.-n c •
1985, 1987; Pollitt et al., 1986. 1989). Data from a l-n^-u
prospective study in Yugoslavia (Graziano et al.. I«WO» »h • *
combined effecu of lead exposure and iron deficiency anumf r'TM

women, infants, and children. Adverse effects of both cumin*"!* • -
neurobehavioral and hematopoietic systems were lound.

The importance of iron status for low-income familie* lu> v-n
recognized for decades. In the early 1970s, a special prof"*"' • •»
income women, infants, and children was begun in the I'mid vrn
Extensive evaluation of the impact of a program of nutriii-nJ «.?;'•'
mentation for women, infants, and young children has been i<r "* "
Rush et al. (I988a,b).

Children's blood lead concentrations tend to be a»«H;iJi«.' •*
families' provision of intellectual and sociologic support (Md« « •
1980; Hunt et al., 1982; Stark et al.. 1982; Dietrich et al.. I* "
one study, the scores of mothers on three Home OhsenaihMi t--^ *
surement of the Environment scales were significantly »""*?•'£
cumulative blood lead concentrations in infants: maternal im.'.>

• HJ. provision of appropriate play materials, and emotional and
,., rrfonsivity of the mother (Dietrich et al., 1985). Scores on
,j V.JA are loosely associated with sociueconomic status, although
, Trance of these risk factors varies substantially within all social
•ti Person and Dietrich, 1985). The association between poor
•r-_il support for the child and blood lead remains after other factors
. m.illed tor (Bornschein et al., 1985).

K minnsic, biologic factor of growing interest, but that has re-
••.• imle attention, is the distribution in sensitive populations of
«-. lUM'eplihilities that potentiate health risk. Few specific biologic
JI-M'| susceptibility for lead have been identified.
••• njiure ot lead effects and their genetic potentiation (or attenua-
• -ivi he understood both qualitatively and quantitatively. The

•i • jisirihulkin of genetically susceptible segments of the population
• -im amcern when these segments suffer substantial lead expo-

r,T example, lead exposure and the hepaloporphyric genetic
•ft j.uie intermittent porphyria both produce accumulation of
• i!U ihfuroioxic ALA in plasma and urine (e.g., EPA, 1986a) and

> - m; netiropsychialric responses. A second genetic disorder, that
;•*! *iih ALA-D deficiency, might well he a special problem for
• 11 high risk for lead exposure in urban areas of the United

•- îrin et al., 1987). According to available data, any increased,
• i!K hued susceptibility to lead exposure or its adverse effects is

• -jmly on lead's effects on heme biosynthesis and erythropoiesis.
"•-: i\ genetic polymorphism for the heme-pathway enzyme ALA-D
•-apopulations. That has been recognized for some time (e.g.,
t i rt al., 1973), but the molecular genetic basis of the phenome-
na now been described (Battistuzzi et al., 1981). Potluri et al.
<~ Jollified the gene site al chromosome 9q34. Two common
•3 UAD-I and the deficiency ALAD-2, with frequencies of 0.9

1:: m Europe-based populations, give rise to three phenotypes: I -1,
rt --2. Heterozygotic (1-2) people have ALA-D activity of

f Tindy 50% of normal, and severely deficient homozygotic (2-2)
•<**t activity of approximately 2% of normal (Dtiss et al., 1979).
• a »l (1982) reported that workers with moderate workplace
«^Mh lead but manifest lead poisoning in the form of high erylh-
'*rr'*iporphyrin concentrations were found to he heterozygolic for
'Deficiency, and Doss and Muller (1982) described an acute



lead-toxicity response in a person with ALA-D deficiency and moderate
lead exposure. Ziemsen et al. (1986) reported that the fraction of lead
workers with high blood lead increased as ALAD-2 phenotypy in-
creased. Several recent studies have documented that children apparent-
ly heterozygotic or homozygotic for ALAD-2 can be susceptible to lead
effects. Rogan et al. (1986) examined a group of children in a large
lead-screening program and found that, independently of blood lead,
children with ALA-D deficiency also had significantly high EP; results
of further testing suggested a problem with the amount of the enzyme,
rather than a biochemically defective form. Astrin et al. (1987) have,
however, found that ALAD-2 in a large sample of lead-screened chil-
dren in New York City was correlated with the relative frequency of
high blood lead (over 30 pg/dL).

In acute intermittent porphyria, there is significant inhibition of the
activity of the enzyme pornhobilinogen deaminase, which mediates the
conversion of porphobilinogen to uroporphyrinogen I. That leads to
accumulation of high concentrations of ALA in urine and other body
fluids (Goldberg and Moore, 1980; Moore et al., 1987). In both oven
lead poisoning and attacks of acute intermittent porphyria, there are
pronounced gastrointestinal, psychomotor, and cardiovascular responses,
which.have led to suggestions that lead works its adverse neurologic
effects through direct action, as well as through the heme pathway
(Silbergeld et al., 1982; EPA, 1986a). Conclusive evidence that lead
significantly exerts neurotoxicity through the heme pathway, via exces-
sive production of neurotoxic ALA (EPA, I986a), has not been forth-
coming. Studies directed to the hypothesis have entailed large expo-
sures to lead, and it is not clear that low-dose lead exposure woukl
effectively synergize neurologic manifestations of the attack stage of
acute intermittent porphyria.

Increased lead exposure affects the liver in various ways (EPA,
1986a). One site of toxicity involves impairment of hepatic biotransfor-
mat ions of endogenous metabolites (e.g., Saenger et al., 1984) and
impairment of the detoxification and activation of drugs and other
xenobiotic substances via effects on P-450 mixed-function oxidase
(Alvares et al., 1976; Meredith et al., 1978) and perhaps the carcino-
gen-activating P-448 complex. Evidence of genetically differentiated
hepatic biotransformation and hiodegradation capacity in the P-450 and
P-448 systems has been reviewed by Parke (1987). It is already known

that genetic diversity has un impact on biotransformation of various
drugs (Parke, 1987). Animal systems show genetic polymorphism in P-
450—P-448 systems, but the requisite human studies of the underlying
molecular genetics remain to be done.

The absorption, distribution, retention and excretion of lead in
sensitive populations from various sources affect both the biologic
monitoring of lead exposure and toxic outcomes. The literature dealing
with the quantitative aspects of lead loxicokinetics is extensive and
supports a number of conclusions.

Inorganic lead is absorbed principally from the lungs and gastrointes-
tinal tract of humans. About 30-50% of inhaled lead is absorbed from
the lower respiratory tract in adults; the proportion is greater in chil-
dren. Lead in water is absorbed variably: in adults, 10-15% is ab-
sorbed after consumption of blood; in children, approximately 50% is
absorbed after consumption of food. Under fasting or semifasting
conditions, rates of absorption rise considerably for adults and probably
for children.

Lead is absorbed into plasma; with steady-stale exposure, redistribu-
tion of 99% or even more to the erythrocytes occurs. Newly absorbed
plasma lead is distributed metaholicully to blood, soft tissue, and vari-
ous compartments of bone, where longer-term storage occurs. It is
critical to recognize that skeletal lead stores are continuously remobil-
ized as part of the physiologic remodeling of bone that accompanies the
growth process.

Skeletal accumulation of lead occurs through life unti l the sixth or
seventh decade, when lead loss from bone occurs. Among adults, lead
is released from bone in response to reductions in exposure or to
metabolic stresses and alterations in the skeletal system. In people not
occupational I y exposed, up to approximately 200 mg of lead can accu-
mulate. In lead workers, much more accumulates. Reversal of accu-
mulation is associated with either dietary changes or, especially in
postmenopausal women, hone-mineral homeosiatic changes. The latter
contribute to the blood lead burden and complicate lead toxicokinetic
compartmental analysis.
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Lead is excreted by the kidneys and gastrointestinal trj.t
clearance occurs). Urine is the dominant route in adults,
lead excretion is variable and is affected by biologic p
complicate analysis, but plumburesis associated with chelaiion r-V«
or chelalion therapy is extensive and diagnostically useful .- ,„
poisoning.

Whole blood lead is the most popular and most useful mJ,.r r ,
lead exposure in acute and subacute poisoning. Blood lead ip..«.:I
ment is also the most widely used measure of chronic lead e«p...-,

Blood lead reflects relatively recent exposure in young chil.!-t-...
were not excessively and not chronically exposed in their ejrlux ,,„•
but heavily exposed children and adults have a blood lead con.rr~», „
al any time that integrates recent and older exposures. With i
quantitative inputs to a given blood lead content, recent
account for the major fraction in both children and adults. Rr\m> fj
is associated with a quick component, and accumulated lead a ĵ t
reflected in a ii«uch slower component, with a longer hill l.tc r i
Schutzet al.. Ivi7a).

Older exposures come into play via lead release to MINK] (hx --oj
of this phenomenon is a life-long legacy of earlier expmum TV.
policy and biomedical consequences are obviously importjn I r
example, one must take account of the extent of such contiiKjii ~i i
blood lead concentrations in planning the extent of control u. •* *•*
concomitant population responses to lead regulatory action*

At low-dose lead exposures, which induce effects that are »t in.?w
ing concern, blood lead concentrations around 10 jig/dL or l*« out i.
monitored in various populations. About that concentration are .I*."*
lions of blood lead concentrations—an aggregate variance. »d^ «•
complex integral of exposure, interindividual variance, ami the i.r<-
associated with laboratory methods. Of those factors, ihe nufr-'fj* '
exposure and the quality of method refinements would he î f "»*
responsive to attempts al minimization. Individual dillerciu^ • '"
toxicokinetics are intrinsic to populations and not readil> jm-.-r»' i«
control.

Plasma lead, if it were amenable to clean collection anJ mrwr»
ment, would have considerable interpretive value for as$«»ii» P <*»
tion lead exposures. Plasma, of course, transports lead to tjrjrt :̂ *»
and major repositories. Contamination and loss problems are t •"•••»

.,.(*ly analysis of plasma in the typical clinical or epidemiologic
.<* i lihoraiory. Not only is contamination a problem for plasma
,.vv but small rates of erylhrocyte hemolysis would increase error.
.-VUMS rate of 1% would double the plasma lead content, assum-
., ;i equilibrium lead fraction in plasma. Furthermore, we still
• •< understand the toxicokinetics of plasma lead distribution for
;-,<.i (iposure scenarios; that requires that acceptable methods be
•',<«J
t r* l<r*J measurement is the best way to assess body lead accumula-
• • iu,h piipulations as high-risk urbanized young children, and it
'JIM the analyst and the policy-maker how rapidly lead is accumu-
f i Me. The role of this measure is enhanced considerably when
•• .-.ft tiir integrating lifetime exposure are used in tandem with
•i measurement of blood lead concentration in variably exposed
t .hilJren or pregnant women.
•i! K released from bone in response to reductions in exposure or
vAilic stresses and alterations in the skeletal system. Lead

~n m several compartments in bone, and these vary in their ability
••*c lead to the bloodstream. Furthermore, the known distribution

av-miks of lead in bone compartments indicate that one can probe
• if term and shorter-term lead storage rates in bone speotro-
• illy Such probing can be used both with populations in system-

:r.;li>pmeni (children) and with populations in senescence (post-
•"•rjul women).
>-? biologic markers of effects of large exposures to lead have

« ^vdcterized qualitatively and quantitatively and have been vali-
•-:•* toxicity in human populations. The usefulness of sensitive
' n. such as inhibition of particular enzymes, at very low lead
t'Hkms has the added advantage that genetic susceptibility in
i>*«J subjects can be monitored. This would be the case for at
' L A D activity distributions in sensitive populations exposed to
fte sensitivity of some potentially useful biochemical markers

' *'" I* determined. Effect markers have been extremely helpful
•—i)in| mechanisms of toxic action and in developing a better

^̂ nling of the biochemical interactions of lead in humans and
• '"m systems.
'^V little attention has been given to the identification of biologic
•""' "t susceptibility. Current limited information does show that
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some children and other sensitive people could he predisposed in m
creased lead intoxication because of genetic disorders and nuirititm.il
factors. This is a subject of increasing importance to joxicologists arj
those responsible for public health.

Methods for Assessing
Exposure to Lead

The purpose of this chapter is to discuss analytic methods to assess
ripusure to lead in sensitive populations. The toxic effects of lead are
••inurily biochemical, but rapidly expanding chemical research data-
•:M* indicate that lead has adverse effects on multiple organ systems
•[wi-illy in infants and children. The early evidence of exposure, ex-
••;<isol by the age of 6-12 months, shows up in prenatal or postnatal
• mil as lead concentrations that are common in the general population
••Jihai until recently were not considered detrimental to human health
BHIinger el at., 1987,199la; Dietrich et a!., I987a; McMichael el al.,
M). As public-health concerns are expressed about low-dose expo-
is (Ikiliagc. ei al., 1991a,l987; Dietrich et al., I987a; McMichael
•*.. 1988; Landrigan, 1989; Rosenet al., 1989; Mahaffey, 1992), the
••« of currently applicable methods of quantitative assessment and
rvdopment of newer methods will generate more precise dosimetric
"urmatkin on small exposures of members of sensitive populations.
Ultradean techniques have repeatedly shown that previously reported
kentrations of lead can be erroneously high by a factor of several

•jndred (Palterson and Settle, 1976). The Hawed nature of some
7»ned lead data was initially documented in oceanographic research:
'fitted concentrations of lead in seawater have decreased by a factor
: 1.000 because of improvements in the reduction and control of lead
nomination during sampling, storage, and analysis (Bruland, 1983).

'"did decreases have recently been noted in reports on lead concentra-

191



I'M MCAMKfNG LEAD LXI<*!«-* IN »tSMIIVt I>4*1«AIH*«

*

I

I

tions in fresh water (Sturgeon and Berman, 1987; Flegal and Coale,
1989).

Similar decreases in concentrations of lead in biologic materials have
been reported by laboratories that have adopted trace-metal clean tech-
niques. The decreases have been smaller, because lead concentrations
in biologic matrixes are substantially larger than concentrations in
water, and the amounts of contaminant lead introduced during sampling,
storage, and analysis are similar. Nevertheless, one study revealed that
lead concentrations in some canned tuna were 10,000 times those in
fresh fish, and that the difference had been overlooked for decades
because all previous analyses of lead concentrations in fish were errone-
ously high (Settle and Patterson, 1980). Another study demonstrated
that lead concentrations in human blood plasma were much lower than
reported (Everson and Patterson, 1980). A third demonstrated, with
trace-metal clean techniques, that natural lead concentrations in human
calcareous tissues of ancient Peruvians were approximately one five-
hundredth those in contemporary adults in North America (Ericson et
at., 1991).

Problems of lead contamination are pronounced because of the
ubiquity of lead, but they are not limited to that one element. lyengar
(1989) recently reported that it is not uncommon to come across order
of-magnitude errors in scientific data on concentrations of various
elements in biologic specimens. The errors were attributed to failure to
obtain valid samples for analysis and use of inappropriate analytic
methods. The former includes presampling factors and contamination
during sampling, sample preservation and preparation, and specimen
storage. The latter includes errors in choice of methods and in the
establishment of limits of detection and quamitation, calibration, and
intercalibration (Taylor, 1987).

Decreases in blood lead concentrations reportedly are associated with
the decrease in atmospheric emissions of gasoline lead aerosols. The
correlation between the decreases in blood lead and gasoline lead
emissions is consistent with other recent observations of decreases in
environmental lead concentrations associated with decreases in atmo-
spheric emissions of industrial lead (Trefry et al., 1985; Boyle el al.,
1986; Shen and Boyle, 1988). However, the accuracy of the Mood lead
analyses has not been substantiated by rigorous, concurrent intercalibra-
tion with definitive methods that incorporate trace-metal dean tech-

*
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niques in ultraclean laboratories. Moreover, previous blood lead mea-
surements cannot be corroborated now, because no aliquots of samples
have been properly archived. Nonetheless, within the context of inter-
nally consistent and carefully operated chemical research laboratories,
valuable blood analyses have been obtained.

Future decreases in blood lead concentrations will be even more dif-
ficult to document, because the problems of lead contamination will be
greater. Figure 5-1 depicts the relative amounts of blood lead and con-
taminant lead measured in people with high (50 |tg/dL) and low (I ftgl
AL) blood lead concentrations when amounts of contaminant lead
introduced during sampling, storage, and analysis were kept constant (1
jig/dL each). The blood lead concentration measured in the person with
a high blood lead concentration (53 jig/dL) will be relatively accurate to
within 6%, because the sum of contaminant lead is small relative to
blood lead. The same amount of contaminant lead, however, will er-
roneously increase the measured blood lead concentration of the other
person by a factor of 4 (i.e., to 400%). That would seriously bias
studies of lead metabolism and toxicity in the latter person. It would
also lead to the erroneous conclusion that there was only about a 12-fold
difference, rather than a 50-fold difference, in the blood lead concentra-
tions of the two people. Both problems will become more important as
the average lead concentration in the population decreases and as more
studies focus on the threshold of lead toxicily.

In general, techniques to measure internal doses of lead involve
measurement of lead in biologic fluids. Tissue concentrations of lead
also provide direct information on the degree of lead exposure after lead
leaves the circulation by traversing the plasma compartment and gaining
access to soft and hard tissues. Once lead leaves the circulation and
enters critical organs, toxic biochemical effects become expressed. It is
of great importance for the protection of public health from lead loxicity
to he able to discern the quantities of lead in target organs that are
prerequisites for biochemically expressed toxic effects to become evi-
dent. The latter has been difficult, if not impossible, in humans, but
lead measurement of Ihe skeletons and placenta might make it more
approachable with respect to fetuses, infants, women of child-hearing
age, and pregnant women. Furthermore, measurements of lead in Ihe
skeleton of workers in lead industries has substantial potential for
revealing die body burden of lead required for evidence of biochemical



High Blood Lead Concentration
(50 jig/dL)

Low Blood Lead Concentration

Blood lead

Contaminant Pb
Sampling (1/ig/dL)
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53 fig/dL measured Pb
(94%) blood Pb)

Blood lead

4 /tg/dL measured Pb
(25%) blood Pb)

FIGURE S-l Illustration of relative problems of contamination in analysis of high and low blood lead concentration.
Source: Adapted from Flegal and Smith, 1992.
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lead in blood is short and reflects primarily recent exposure and »K -
tion (Rabinowitz et al., 1976, 1977), Moreover, blood lead ii.R;«rr-»
tion does not reflect lead concentrations in target tissues ihjt jt.,
different lead uptake and distribution or changes in tissue lead ihu..:..,
when lead exposure is modified. Even lead in trabecular hmx t.« ,
shorter duration than does lead in cortical bone. The most Wf*-*>
measure will likely vary with the end point in question, h is arf era
however, that current methods can strengthen epidemiokig k anj t-«
ment efficacy studies by using multiple markers with different avrif ^
times. The recent development of the ability to measure lead a»r»p:
over short periods (blood lead), intermediate periods (traheculir s v
and long exposure intervals (cortical bone) promises new tevhmq.-«
measuring lead exposure in sensitive populations.

SAMPI ING AMD ftAMI* t I IANM INI

It is universally accepted that a crucial part of monitoring «•» If*.' *
biologic material is the quality of sample collection and sample 'r
dling. Lead is pervasive and can contaminate samples ranJmnl) • • <-
tematically. In addition, the lead content of substances can he in.'- t
by inappropriate collection, storage, or pretreatment. Pn*k. '< ''
acceptable sampling and sample handling vary with the nutrrul »< i
sampled and the analytic technique being used, but most prc.j •• -
apply across the board.

In all cases, sample containers, including their caps, must he f "•<•
scrupulously acid-washed or certified as lead-free. That is pani.i-V •
important for capillary- and venous-blood sampling as now iavvrp •*»:
into the guidelines of the 1991 CDC statement (CDC. IWi ''
example, as little as 0.01 ftg (10 ng) of contaminant lead ef'ff ;,
100 fiL of blood in a capillary tube adds the equivalent of a v-.-n.rr-.
tion of 10 /ig/dL, the CDC action level. Reagents added h> J «• • :
sample before, during, or after collection especially nwst l«'"" "
Lead concentrations in plasma or serum are generally so •»»»'•' "'•'
with and relative environmental lead concentrations M» hi*h tM • '
extremely difficult to collect and handle such samples wWnnii ..^«-<
nation. Urine sampling, especially the 8-hour or 24-h.wr ur; -»
associated with chelator administratwn, requires coMed*'" "> »'
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>;:ij containers. Although the amounts of lead being removed to
rx»iihfhelalion are relatively high, the large volumes of sample and

large surface areas of collection bottles affect contami-

\ puticularly important step in sample collection is the rigorous
ft nt the puncture site for capillary- or venous-blood collecting,
t .Inning sequence of particular usefulness for finger puncture, the
1 ccp in Wood lead screening, is that recommended by the Work

..run Laboratory Methods for Biological Samples of Association of
r. wJ Territorial Public Health Laboratory Directors (ASTPHLD,
v Fingers are first cleaned with an alcohol swab, then scrubbed
•oapand water and swabbed with dilute nitric acid; and a silicone
•.lir harrier is used.
rpk storage is very important. Whole blood can be stored frozen

-{periods. At -20*C in a freezer, blood samples can be stored
.r i>i a year and perhaps longer.
i-plc handling within the laboratory entails as much risk of con-

.--i>m as sample collection in the field. Laboratories should he as
n i IcaJ-tree as possible. Although it is probably impractical for
KMimne laboratories to meet ultraclean-facilily requirements (see,
: Pjnerson and Settle, 1976; ERA, I986a), minimal steps are
•i-al. including dust control and use of high-efficiency particle-
.-jljtnr (HEPA) filters for incoming air and ultrapure-reagent use.

iMiiin and analysis of shed children's teeth entail unavoidable
».t contamination, but this complication can be reduced by confm-

to the interior matrix of a tooth, preferably the secondary
•ipulpal) derttin segment. The contaminated surface material is
'JoJ Isolation of the secondary dentin requires use of lead-free
Mit cutting tools, lead-free work surfaces, and so forth.

HIAMKtMINI 41 IIAI) IN %IT«JI M

•*««i commonly used technique to measure blood lead concentra-
1 "wives analysis of venous Mood after chemical degradation (for
'^f wet ashing with nitric acid), electrothermal excitation (in a
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graphite furnace), and then measurement with atomic-absorption spec-
troscopy, or AAS (EPA, I986a). With AAS, ionic lead is first vapor-
ized and converted to the atomic state; that is followed by resonance
absorption from a hollow cathode lamp. After monochromatic separa-
tion and photomultiplier enhancement of the signal, lead concentration is
measured electronically (Slavin, 1988). Because it is much more
sensitive than flame methods, the electrothermal or graphite-furnace
technique permits use of small sample volumes, 5-20 ftL. Physico-
chemical and spectral interferences are severe with flameless methods,
so careful background correction is required (Stoeppler et al., 1978).
Diffusion of sample into the graphite furnace can be avoided by using
pyrolytically coated graphite tubes and a diluted sample applied in larger
volumes.

Electrochemical techniques are also widely used for measurement of
lead. Differential pulse polarography (DPP) and anodic stripping vol-
tammetry (ASV) offer measurement sensitivity sufficient for lead
analyses at blood concentrations characteristic of the average populace
The sensitivity of DPP is close to borderline for this case, so ASV has
become the method of choice. It involves bulk consumption of the
sample and thus has excellent sensitivity, given a large sample volume
(Jagner, 1982; Osleryoung, 1988). This property is, however, of little
practical significance, because, of course, sample size and reagent
blanks are finite.

That ASV is a two-step process is advantageous. In the first step,
lead is deposited on a mercury thin-film electrode simply by setting the
electrode at a potential sufficient to cause lead reduction. The lead is
thus concentrated into the mercury film tor a .specified period, which
can he extended when higher sensitivity is needed; tew techniques offer
such preconcentration as an integral part of the process. After electro-
deposition, the lead is reoxidized (stripped) from the mercury film by
anodically sweeping the potential. Typically, a pulsed or stepping
operation is used, so differential measurements of the peak current for
lead are possible (Osleryoung, 1988; Slavin, 1988).

The detection limit for lead in hl*x»d with ASV is approximately I
picogram (pg) and is comparable with that attainable with graphite-
furnace AAS methods. The relative precision of both methods over a
wide concentration range is ±5% (95% confidence limits) (Osteryoung.
1988; Slavin, 1988). As noted. AAS requires attention to spectral
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interferences to achieve such performance. For ASV, the use of human
blood for standards, the presence of coreducible metals and their effects
an the measurement, the presence of reagents that complex lead and
thereby alter its reduction potential, quality control of electrodes, and
reagent purity must all be considered (Roda et al., 1988). It must he
noted, however, that the eleclrodeposition step of ASV is widely used
and effective for reagent purification. The practice of adding an excess
of other high-purity metals to samples, thereby displacing lead from
complex ing agents and ameliorating their concomitant interference
effects, has demonstrated merit. Copper concentrations, which might
he increased during pregnancy or in other physiologic states, and
chelaling agents can cause positive interferences in lead measurements
(Redact al., 1988).

The general sensitivity of ASV for lead has led to its use in blood
lead analyses. The relative simplicity and low cost of the equipment
kas made ASV one of the more effective approaches to lead analysis.

As described in Chapter 4, the measurement of erythrocyte protopor-
phyrin (EP) in whole blood is not a sensitive screening method for
identifying lead-poisoned people al blood lead concentrations below 50
pg/dL, according to analyses of results of the NHANES II general
population survey (Manalley and Annesi, 1986). Data from Chicago's
screening program for high-risk children recently analyzed by CDC and
the Chicago Department of Health indicated further the current limita
linns of EP for screening. The data, presented in Table 5-1, provide
specifi'-itw atyj sensitivity values of EP screening at different blood lead
concentrations. The sensitivity of a lest is defined as its ability to detect
a condition when it is present. The EP test has a sensitivity of 0.351,
or about 35%, in detecting blood lead concentrations of 15/xg/dL or
greater. This means that on average the EP test result will be high in
Jtoul 35% of children with blood lead concentrations of 15 ;ig/dL or
peater. It will fail to detect about 65% of those children. As the
Nood lead concentration of concern increases the EP test becomes
•ore sensitive. At blood lead concentrations , 30 /ig/dL or greater,
*e sensitivity of the EP test is approximately 0.87. However, if it is
used to detect blood lead concentration of 10 /ig/dL or greater, the EP
let has a sensitivity of only about 0.25.

The specificity of a lest is defined as its ability 10 detect (he absence
of a condition when that condition is absent. As seen in Table 5-1.



I
TABLE 5-1 Chicago Lead-Screening Data, 1988-1989* I
Definition of
Increased Blood
Lead. pg/dL

210

215

220

225

230

235

240

£45

230

Sensitivity
(Confidence
Interval b)

0.252
(0.211-0.294)

0.351
(0.286-0.417)

0.479
(0.379-0.579)

0.700
(0.573-0.827)

0.871
(0.753-0.989)

1.00
(0.805-)

1.00
(0.735-)

1.00
(O.59O-)

1.00
(O.I 58-)

Specificity

0.822

0.833

0.818

0.814

0.806

0.794

0.788

0.782

0.775

Predictive
Value
Positive

0.734

0.503

0.322

0.245

0.189

0.119

0.084

0.049

0.014

Prevalence of
Increased Blood
Lead as Defined, at
Left

0.660

0.325

0.152

0.079

0.043

0.030

0.019

0.011

0.003

'Data indicate sensitivity, specificity, and predictive value positive of zinc protoporphyrin (ZPP) measurement for
detecting increased blood lead concentrations. Increased ZPP is defined as 235 pg/dL. Definition of increased blood
concentration vanes. Data derived from systematic sample (2ft of total) of test results for children 6 mo to 6 yr old
tested in Chicago screening clinics from July 22, 1988. to September 1. 1989; these clinics routinely measure ZPP and
blood lead in all children, n » 642. Data from M.D. McElvaine, Centers for Disease Control, and H.C. Orbach,
City of Chicago Department of Health, unpublished; and McElvaine et al., 1991.

"Confidence intervals calculated by normal approximation to binomial method at 95% level for two tails. For
estimates of sensitivity of 1.00, only lower-tail confidence interval is calculated. Exact binomial method is used.



roughly 83% of children with blood lead below IS /ig/dL will have a
low EP result, and about 17% will have a high EP result. The test has
a specificity of 0.83. The specificity of the test decreases as the culnIT
increases. Because EP also increases in iron deficiency, a condition not
uncommon among young children and occasional among pregnant
women, the specificity of the EP test is reduced.

Although the sensitivity and specificity values appear higher than
those obtained in the NHANES II population survey, in large pan
because of concurrent iron deficiency, the data confirm that unaccept-
ably high numbers of children with increased blood lead concentrations
will be missed by EP screening, particularly at blood lead concentra
tions below 25 jig/dL. Unfortunately, there is no feasible substitute lor
this heretofore convenient, practical, and effective tool as a primary
screen. Measurements of alternative heme metabolites are available,
but they require more extensive laboratory analyses and are largely
surrogates of measurements of blood lead concentration.

Marked advances in instrumentation for blood-lead analysis during
the last 10 years have yielded excellent precision and accuracy. The
final limiting factors are now related specifically to technical expertise
and cleanliness.

Because of the high concentration of erylhrocyte-bound lead, precau-
tions must be taken to obtain nonhemolyzed blood when hlotxl samples
are collected for measuring the low concentrations of lead in plasma.
Furthermore, an ultraclean laboratory setting and ullraclean doubly
distilled column-prepared reagents are absolutely necessary (Patterson
and Settle, 1976). Everson and Palterson (1980), using isotope-dilution
mass spectrometry (IDMS) and strictly controlled collection and prepa-
ration techniques in an ultraclean laboratory, measured plasma lead
concentration in a control subject and a lead-exposed worker. The
control concentration of lead in plasma was 0.002 jtg/dL, and that in the
exposed worker was 0.20 ng/dL. Not surprisingly, these values were
much lower than those obtained with graphite-furnace AAS; it can he
concluded that graphite-furnace AAS methods do not yield sufficiently
precise quantitative results for these measurements Moreover, higher

plasma lead concentrations have been reported even with IDMS (Rahin-
uwitz el al., 1976); these results can be ascribed to problems in labora-
lury contamination. Collectively, therefore, it appears unlikely that
measurement of lead in plasma can he applied widely to delineating lead
exposure in sensitive populations.

llrino

The spontaneous excretion of lead in children and adults is not a
reliable marker of lead exposure, being affected by kidney function,
Orcadian variation, and high inierindividual variation al low doses
(Mushak, 1992). At relatively high doses, there is a curvilinear upward
relationship between urinary lead and intake measures. Urinary lead is
measured mainly in connection with the lead excretion that follow
provocative chelation, i.e.. the lead mobilization test or chelation
therapy in lead poisoning of children or workers. Such measurements
ire described later in this chapter.

As noted elsewhere, shed teeth of children reflect cumulative lead
exposure from around birth to (he lime of shedding. Various types of
kxnh analysis can be done, including analysis of whole teeth, crowns,
ud specific isolated regions.

Sampling and tooth-type selection criteria are particularly important.
Teeih with substantial caries—i.e., over about 20-30% of surface ar-
<a—should be discarded. Teeth of the same type should be selected,
preferably from the same jaw sites of subjects in an epidemiologic
audy, to control for intertype variation (e.g.. Needleman et al., 1979;
Crandjean et al., 1984; Fergusson and Purchase. 1987; Delves et al.,
1982). Replicate analyses are required, and concordance criteria are
useful as a quality-assurance quality-control measure for discarding
discordant values.

Preference in looth analysis appears to lie with circumpulpal dcntin,
where concentrations are high. The higher concentrations in circumpul-
N dent in are of added utility where effects arc subtle. The use of
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whole teeth, crowns, or primary dentin is discouraged on two count*
random contamination is a problem on the surface of the outer (prinw
ry) enamel, and areas other than circumpulpal dentin are much lower n
lead. Such problems would tend to enhance the tendency toward a Bull
result in dose-effect relationships, i.e.. Type II errors (Mushak, 1992)

In the laboratory, special care must be taken to avoid surface contain-
ination, once sagittal sections of circumpulpal dentin have been isolated
A rinse with EDTA solution is helpful. For analysis, tooth segments
are either dry-ashed or wet-ashed with nitric acid, perchloric acid, or i
mixture of the two that is ultrapure as to lead contamination (e.g.
Needleman et al., 1979). For calibration data, one can use bone pow-
ders of certified lead content (Keating et al., 1987).

Both AAS (Skerfving, 1988) and ASV (Fergusson and Purchase.
1987) methods have been used for tooth analysis. With AAS, buth
flame and tlameless variations are often used. Lead concentrations are
often high enough to permit dilution or chelation-extraction, thereby
also minimizing calcium-phosphorus effects. Either method appears m
be satisfactory (assuming that ASV entails complete acid dissolution ui
the tooth sample).

Although the use of tooth or dentin lead to assess the cumulative
body burden of lead was an important discovery, it has practical limita-
tions. It is necessary to wait for teeth to be shed and to rely on children
to save them. Moreover, teeth are shed when children are 5-1 years
old, so shed teeth cannot be used to estimate the body burden of lead in
younger children. Furthermore, the newer capability to assess skeletal
lead longitudinally with XRF improves the utility of tooth lead measure
ments.

Milk

To monitor daily lead intake from milk for metabolic balance studies
or to estimate intake in areas where there is excessive external exposure
to lead from other sources, milk samples should be collected » Kid-
washed polyethylene containers and frozen until analysis. After reach-
ing room temperature, milk samples are sonicated and acid digested »
a microwave oven, the residue is dissolved in perchloric acid, and *<
samples are subjected to AAS or ASV (Rahinowiu et al., I9S»)
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riaoenlal lead measurements have been carried out after blotting of
ussue and later digestion in acid at I IO°C overnight. The dry residue
•is then dissolved in nitric acid, and lead is preferably measured with
jtaphite-rurnace AAS (Korpela et al., 1986). For placental and amniot-
i; fluid measurements, standard reference materials are needed to ensure
julity control in the laboratory. Furthermore, to assess placental lead
jKKeniralions accurately, it should be noted that region-specific concen-
}ilkms of lead might exist in the placenta, and care must be taken to
motive trapped blood in the placenta before analyses.
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The standard method by which all lead measurement techniques are
ttluaied is isotope-dilution thermal-ionizalion mass spectrometry
TIMS). Analyses of lead concentrations with this definitive method
wide excellent sensitivity and detection limits. Recent analyses with
Ais technique, when coupleil with ultraclean procedures, have repeated-
y demonstrated that many previously reported lead concentrations in
•tikigic materials are erroneously high by orders of magnitude.

Mass spectrometers can also he used to measure stable lead isotopic
..impositions; to identify different sources of contaminant lead, from
.dlular to global; and to investigate lead metabolism without exposing
tuple to radioactivity or artificially increased lead concentrations.

Mass spectrometers have a special niche in lead analyses, even
Wgh the measurements are relatively expensive, sophisticated, and
ac-consuming. Applications of mass spectrometers in analyses of lead
a the biosphere are on the verge of being substantially broadened as a
•suit of recent developments. Conventional TIMS is becoming much
Me sensitive and efficient. At the same lime, inductively coupled
•l»ma mass spectrometry (ICPMS) is becoming a relatively inexpensive
=»l efficient alternative to TIMS and other established methods for
^mental-lead analysis, and advances in secondary-ion mass spectrome-
} (SIMS), glow-discharge mass speclrometry (GDMS), and laser-
•iuprobe mass analysis (LAMMA) have improved their capabilities
'(surface analysis and microanalysis of lead concentrations.
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The primary differences among those techniques are the form »|
sample analyzed and the mechanism of introducing sample ions to i
flight tube, where different isotopes are separated by magnetic and
electric fields. In TIMS, a sample extract is deposited on a Filament
and then thermal ions are released by increasing the filament tempera-
ture within a vacuum. Sample solutions are ionized at atmospheric
pressure with a highly ionized gas in ICPMS. Atoms in a solid source
in an electric field are sputtered by an ionized gas and then thermal ized
by atom collisions in GDMS. Gas ions are also used as primary ions in
SIMS, where they are focused on a solid surface to produce secondary
ions by bombardment. Similarly, lasers are focused on a solid surface
to vaporize, excite, and ionize atoms in microscopic areas of solid
surfaces in LA MM A.

This section addresses both existing and projected applications ot
mass spectrometry in analysis of lead concentrations and isolnpk
compositions in biologic and environmental matrices. Definitive mea-
surement of lead concentration with isotope-dilution TIMS is first
reviewed. The use of stable lead isotopes to identify sources of contam-
inant lead and as metabolic tracers are then summarized. Finally, leal-
related uses of four rapidly evolving types of mass spectrometry
(ICPMS, SIMS, GDMS, and LAMMA) are briefly described.

Dilutk it

Lead concentrations in biologic tissues can only be approximated with
analytic techniques, because no known analytic method can measure i
true elemental concentration in any matrix. The definitive methods.
including isotope-dilution mass spectrometry (IDMS), use TIMS
Relatively accurate measurements are derived with reference methods.
which are calibrated with standard reference materials. Less-accurate
measurements are acquired with routine methods, which provide as-
signed relative values to judge the analyzed results. The hierarchy in
accuracy of these different analytic techniques is listed in Table 5-2.

The most accurate method of analyzing lead concentrations in bioloj
ic matrices is IDMS, which is independent of yield and extremely
sensitive and precise (Webster, I960). Mass spectrometric analyses
distinguish lead from false signals by measuring the relative abundances
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5-2 Hierarchy of Analytic Methods with Respect to Accuracy

Uilytic Data Analytic Method

Tiue value

Definitive value

kfercnce-melhod value

bagned value

No known method

Definitive method, e.g., IDMS

Reference method

Routine method

Source: Neumann, 1988. Reprinted with permission from Inorganic Mass
Sffdromelry; copyright 1988. John Wiley & Sons.

jflhe four stable lead isotopes (^Pb, '"Pb, M7Ph, and w"Pb). False
jgoals in lead-isotope measurements are identified by simultaneous
Kasurements of fragment ions in the adjacent masses (203 and 205
aw). IDMS is superior to any reference method that requires separate
Kasurements of lead signal intensities for sample and reference maleri-
Js. The advantages and primary analytic disadvantages of IDMS are
ijinmarized in Table 5-3. In IDMS, a spiked sample enriched in one
.sitope (™*Pb) is prepared. The "'Pb-lo-^Pb isolopic ratio of the
fiked sample is then measured in a mass spectrometer. The ratio of
Tit lo KTrt is then used to determine the concentration of lead in the
dginal sample.

IDMS analyses, like all other elemental analyses, require a correction
w the contaminant-lead blank. This includes all contaminant lead
lUed during sampling, storage, and analyses (Patterson and Settle,
1976). The individual contribution of each of those contaminant-lead
iUitkms to the total lead signal for each analysis must be determined
<pirately for highly accurate measurements. Blank measurements are
specially appropriate for IDMS, because high concentrations of sensi-
bly and precision are required to measure the lead concentrations of
lace-metal-clean" reagents and containers accurately. That is illustral-

>l in Table 5-4, a tabulation of lead blank measurements for blood lead
wlyses in a trace-metal-clean laboratory.

Lead concentration measurements with IDMS must also correct for
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TABLE 5-3 Advantages and Disadvantages of Lead Concentration Analyses
wilh IDMS

Advantages Disadvantages

Offers precise and accurate analysis Is destructive

Permits nonqiianlitaiive isolation of Requires chemical preparation of
the substance to be analyzed sample

Offers ideal internal standardization Is time-consuming

Multielement, as well as oligocle- Is relatively expensive
menl and monoelemenl, analyses
possible

Offers high sensitivity wilh low
detection limits

Source: Heumann, 1988. Reprinted with permission from Inorganic Mass
Sptctrometry; copyright 1988, John Wiley & Sons.

isotopic variations of lead, including natural variations among samples
and isotopic fractionation during the analyses. The latter correction.
common to all elemental analyses with IDMS, is addressed with stan-
dard IDMS techniques (Heumann, 1988). The former, which is rela-
tively unusual among the heavier elements, requires separate isolopk
analyses of unspiked samples. That necessitates additional analyses fnr
lead concentration measurements, but it also provides unique applica-
tions of lead isotopic composition measurements that are addressed in
the following section.

1 4!«Ml lM>l4i|»tT 4:«'IIHH>\ilk>ll
ill tint Kh'iililMalK it « 1 1 4>a«l Kura*

Measurable differences in stable lead isotopic compositions through-
out the environment are caused by the differential radioactive decay of
»»U (tl/J = 4.5 x 10' years). 2J*U (tw = 0.70 x I0» years), and J"Th
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(t,,, = 1.4 x 10'° years) to form ^Ph, '"'Pb, and ""Pb, respectively
(Faure, 1986). The fourth stable lead isotope, '"'Ph, has no long-lived
radioactive parent. Stable lead isotopic compositions differ among
geologic formations with different ages, parent-daughter isotope ralins.
and weathering processes.

There is no measurable biologic, chemical, or physical fractionatum
of lead isotopes in the environment, and natural differences in lead
isotopic compositions in geologic formations persist after the lead has
been extracted and processed (Russell and Farquhar, I960; Barnes«
al., 1978). Differences in the lead isotopic composition of urban
aerosols in the United States, for example, are shown in Tahle 55
The differences reflect regional and temporal variations in isotiifiic
compositions of ores used for lead alkyl additives in the United Stales,
emissions of other industrial lead aerosols in the United States, and the
atmospheric transport of foreign industrial lead aerosols to the United
Stales (Palterson and Settle, 1987; Sturges and Barrie, 1987).

Because there is no measurable isotopic fractionation of lead in (he
biosphere, sources of industrial lead can be identified by their isotopic
composition (Flegal and Stukas, 1987). For example, Yaffee et al
(1983) used stable lead isotopic compositions to identify the priman
source of lead (soils contaminated with leaded paint) in a group of lead
poisoned children in Oakland, California. Other investigators have also
used the technique, which was pioneered by C.C. Patter son, to identify
sources of contaminant lead in U.S. populations (Tahle 5-6).

Ml

TAII.I: 5-5 "Pbî 'Pb Ratios of Aerosols in the United Stales

Location

Houston, Tex
Si. Louis, Mo.

(urban)
St. Louis, Mo.
Berkeley, Calif.
knecia. Calif.
Sa Diego, Calif.
Siingansell. R.I.
Boston, Mass.

Boston, Mass.
West Coast
West Coast
West Coast
(test Coast
Midwest

MiJwesl

Year *"•=

1970
1970

1970
1970
1970
1974
1986
Pre-
1981
1981
1963
1965
1974
1978
1982-

.220

.230

.220

.199

.157

.211

.196

.191

207
.143
.153
.190
.222
213

1984
1986 1.221

15* confidence limit of "Pb '̂Ph

UlijL.
Ph Reference

Chow el al., 1975
Rahinowilz and Welherill,

Kuhinowilz and Welherill,
Rahinowilz and Welherill,
Rahinowilz and Welherill,
Chow el al., 1975
Slurges and Barrie, 1987
Rabinowiiz, 1987

Rahinowilz, 1987
Shirahataet al.. 1980
Chow and Johnslone, 1965
Patterson and Settle, 1987
Shirahala el al., 1980
Slurges and Barrie, 1987

Slurges and Barrie, 1987

measurements <0.005.

1972

1972
1972
1972

l.ttiMl
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Most tracer studies of lead metabolism have used radioisotope
("'Pb, 7l°Pb, and JIJPb) of lead (Table 5-7). Those studies have been
few, because the half-lives of radioisotopes of lead (e.g., WJPb, 51 81
hours; ll°Pb, 22.5 years; and JI2Pb, 10.64 hours) are not generally con-
ducive to this type of research. Moreover, applications of any radioisn
topes in metabolic studies are now severely limited: even minimal
radiation exposure is avoided unless it is clinically necessary.

The analytic and clinical limitations of using lead radioisotopes as
metabolic tracers, in conjunction with recent advances in the analytic

.inabilities of mass spectrometry, have given new impetus to the use of
tihle lead isotopes in this type of analysis. The primary advantage of
using stable isotopes as tracers is that neither subjects nor researchers

exposed to radiation. Different sources of exposure and metabolic
processes can be monitored simultaneously, because there are three
•dependent isotopes of stable lead for which ratios can be calculated.
Because only very small amounts of stable isotopic tracers are required
far highly precise analyses, the potential for metabolic perturbations due
vilarge exposures to lead is minimized.

The high precision and accuracy required for lead isotopic tracer
Indies have made TIMS the method of choice. That has been recog-
'iwd in several recent reviews of the use of stable isotopes in metabolic
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TABLE 5-6 Studies Using Lead-lsolopic Compositions as Tracer* ..( i . - .
ronmental and Biologically Accumulated Contaminant Lead in !'«,•«:
Stales

Lead Sources and Organisms Reference

Industrial aerosols

Surface waters

Coastal sediments

Terrestrial ecosystems

Lead-smeller emissions and equines

Seawaler and marine organisms

Paint lead and children

Aerosols and humans

Chow and Johnslone. I%S
Palterson and Settle. I9R7
Sturges and Barrie. I IS 7

Flegal el i l l . , 1989

Ng and Pafierson, 1981. 11V

Shirahalael al.. 1980
Eliasetal. . 1982

Rabinowitz and Welhenll. I1''

Smith el al.. 1990
Flegaletal . . 1987

Yafteeelal. . 1983
Rahinowitz, 1987

Munion, 198S. 1977

studies, even though TIMS analyses are slower than most uth« tr-'.o.
and require rigorous pretreutment to eliminate organic cmnaminjri n.*
interfering elements (Janghorhani, 1984; Turnlund, 1984; H<uh<> « »
1987; Janghorhani and Ting, I989a). Newer types of mass vpw •-»
try (e.g., ICPMS) have not yet achieved the sensitivity ami pnM»»' '
TIMS, which are required for most analyses of lead femnpic ."iT"
tions in biologic and environmental matrices. Other tvpr* >•' "•»"
speclrometry still in development (e.g., resonance-kmi/di••« r*'
spectrometry) might become applicable to lead isolopic trac*i *'J-«
Conversely, gas-chromalography mass spectromelry (GC-MSi •!•«* *•
appear to be a likely option, because its maximal attainable pio. ••' •
insuflkient for reliable isotope-ratio determinations.

j f f . 7 Lewl-Melabolism Studies Using Radioisotopes

StuJy Subject Reference

Bone cell lead-calcium interactions
Gastrointestinal lead absorption
Lead retention
Gastrointestinal lead absorption
Gastrointestinal lead absorption
Lead absorption
Gastrointestinal lead absorption

Oral lead absorption
Gastrointestinal lead absorption
Osleoblastic lead loxicily
Gastrointestinal lead absorption

Rosen and Pounds, 1989
Watson el al.. 1986
Campbell el al . , 1984
Blake and Mann, 1983
Blake et a l . . 1983
Flanagan el a l . , 1982
Heard and Chamberlain,

1982
Watson el al.. 1980
Blake. 1976
Long el al., 1990
Hursh and Suomela, 1968

llHllM Hv
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>i the major advances in analyses of both lead concentrations
Mpic compositions has been the recent development of inductive-

.riftl plasma mass spectromelry (ICPMS). It has rapidly assumed
-iineni position in many research laboratories since (he first
-•r.ul instrument was introduced in 1983 (Houk and Thompson,
t There has been a nearly exponential increase in ICPMS publica-
< "the last two decades (Hieftje and Vickers, 1989), and it has
-> Ixen identified as one of the "hottest areas" in science (Kop-
- IWO).
-"'ugh ICPMS is recognized as potentially the most sensitive

- ^mental method, it is still not established. It has not yet permit-
>. Spread and inexpensive analyses of lead in laboratories with
-< procedures— especially in medical research, where applications
'MS are still in their infancy — and it has yet to be used in any



manner other than cursory and illustrative examples (Jangh.<rhj- r.
Ting, 1989a).

The advantages and limitations of ICPMS are discussed" lit «<-.,.t
recent reviews (e.g., Houk and Thompson, 1988; Kawaguchi. MI
Koppenaal, 1988, 1990; Marshall, 1988). A typical multielement t- t,
sis with ICPMS takes only a few minutes to conduct. In adJiti r -i,
spectra are relatively simple, because there are only a feu J ••-*<
molecular ions and doubly-charged ions produced in this u-.1- ,.„
compared with other multielement techniques (Russ, 198*)) II * - .~
the precision and sensitivity of ICPMS are still poorer than ;' • /
TIMS. ICPMS has not demonstrated the capacity to produ.r • p
precision (±1%) measurements of lead-isotope ratios in hinlnfi. -»•
ces (Ward et al., 1987; Russ, 1989). Other limitations inclu.!. ;•,
lems of internal and external calibration, interference effects, .l-.p - •.«
of solids during sample introduction, requirements tor im.t (•«•»
quantities of the element of interest, and loss in electron n-. • • -
amplification.

Calibration problems—which have been detailed by Pii.hr!1 rx'
Noeltner .(1988), Vandecasteele et al. (1988), Doherty <W ,x-
Ketterer et al. (1989)—are being resolved on several lt«mh > <•
penaal, 1988, 1990). Beauchemin et al. (I988a,h.c) have dem rv.
the applicability of external standards for parts-per billion jmK>~ '
biologic materials. Additionally, numerous investigators jr. -. •
addressing the need to compare ICPMS with other analytic u-.fr
(Hieftje and Vickers, 1989), including the first intercalihrated in-.-*.-;
ments of lead isotopic compositions in blood (Delves and (.i-r'-
1988; Campbell and Delves, 1989).

Other investigators are studying the fundamentals of ICTMS jx( ••«
applicability of different plasmas, nebulizers, and techniques i • r -.
mize problems caused by dissolved solids in samples with inhtrrr,
high solid contents (Koppenaal, 1988, 1990). The latter u.tr.;*
include flow-injection (Dean et al., 1988; Hutton and fcit.-n. ! •"
complexation-preconcentration (Plantz et al., 1989). and i.m-e«.';T«
(Lyons et al., 1988) techniques. They could he adapted i«> mu--;"
different isotopes of lead in biologic fluids (i.e., blood and mm.

The potential of ICPMS for research in medical research ru> Nm
recognized in recent reviews (e.g., Dalgarno et al., I'MW. ')r -^
1988). There have already been several reports of relatm-'* r^

.-nt between intercalibrated measurements of blood lead concen-
'. •> based on ICPMS and other established analytic techniques. For
•r';. Douglas et al. (1983), and Brown and Pickford (I98S) found

' agreement in results of analyses with ICPMS and graphite-furnace
.; Diver et al. (1988) have investigated the applicability of albumin

rwrxe material in an inlercalibration of ICPMS, AES and A AS.
•>jve also been numerous intercalibrations of elemental concentra-
; i different bkilogic matrices based on ICPMS and other tech-
vne.g., Douglas and Houk, 1985; Munro et al., 1986; Pickford

i?v»n. 1986; Ward et al., 1987; Beauchemin et al., I988a,b,c;
"-.idal.. 1989).

'•<: must extensive study of ICPMS measurements of lead isotopic
TMiinns in medical research has investigated selenium metabolism
.-." ihani et al.. 1988; Janghorbani and Ting, I989h). Dean et al.
•' measured lead isotopic compositions in milk and wine, and
: -djl (1984), Date and Cheung (1987), Longerich et al. (1987),
;. jnJ Barrie (1987), and Delves and Campbell (1988) measured

•. .'tuple compositions in other environmental matrices. However,
• ICPMS measurements of lead isotopic compositions have not

:J ratios for the least common lead isotope, ""Pb (1.4% of the
i -u )̂, and that is required for definitive isotopic composition
. - It is also generally recognized that ICPMS measurements are
••r.ise enough to show significant variations in most lead isotopic

• -ninns (Ward et al.. 1987; Russ. 1989).
• ;n«of the limitations just described, the phenomenal advances in
"S instrumentation in the last 2 decades indicate that it has passed

.•'i i remarkably short adolescence and is now in a mature stage
•> prolific record of instrument acquisition and application (Kop-
V 1990). Widespread application of ICPMS in medical research
• ^Nic-health studies of lead contamination and metabolism might

pire improvement, including the development of alternative
•-: introduction techniques, such as vapor generation, recirculating

KT*. ultrasonic nebulizers, and electrochemical furnaces. The
•ity of ICPMS analyses must also he improved to the point where
•M quantities of lead are sufficient to determine isotopic ratios to
•iKot the instrument's precision (0.1%), so that counting stalis-
Unm limit the precision of the analysis. That will require faster

'•"'« linear ion detectors, such as the Daly detector (Huang et al..

I
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1987), and higher-resolution mass analyzers, Such as more sophisticated
quadrupoles or magnetic sector instruments, to obtain the resolution
needed to separate polyatomic and oxide peaks from elentMtitfMtopes
(Gray, 1989). Corresponding reductions in noise and turbulence in the
plasma might also involve the use of other gases for plasma support
(Montasser et al., 1987; Satzger et al., 1987). Other improvement is
needed in multiplier longevity and analytic precision (Russ, 1989).

»iN*,tn>imlry

Secondary-ion mass speciro'metry (SIMS) has recently been recog-
nized as a major technique for surface composition analyses and micro-
structural characterization (Lodding, 1988), because of its high sensitivi-
ty and good topographic resolution, both in depth and laterally. The
applicability of SIMS for analysis of lead in environmental and biologic
matrices has not been hilly realized, because Uxi few instruments are
available for that type of analysis and their accuracy is too low. This
was discussed in a recent review of atomic mass spectrometry by
Koppenaal (1988), who noted that SIMS was popular in electronics and
the materials sciences, but not in environmental and biologic fields. His
comprehensive review of articles on SIMS analysis in those two fields
was limited to seven references, and only one of those involved lead
analysis in organisms (Chassard-Bouchaud, 1987). Koppenaal (1990)
later indicated that some analyses with SIMS might be replaced with
glow-discharge mass spectrometry (GDMS), because SIMS had i
"notoriously dismal reputation" for accuracy. The potential for SIMS
analysis of lead in biologic and environmental samples remains in
quest km.

/Him SIMM tn«m*rv

Advances in glow-discharge mass spectrometry have indicated its
potential for elemental analyses in solid matrices. That potential has not
been realized, because of the high cost of GDMS instrumentation,
difficulties of direct solids analyses, and low accuracy of current GDMS
measurements. However, those obstacles have recently been reduced hy
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the introduction of relatively inexpensive quadrunole-based GDMS and
a pronounced increase in the number of studies on the applicability of
GDMS analyses in a variety of matrices.

The evolving applicability of GDMS analysis is summarized in recent
reviews (Sanderson et al., 1987, 1988; Harrison. 1988; Harrison and
Bentz, 1988; Koppenaal, 1988. 1990). GDMS might soon succeed
spark-source mass spectrometry and SIMS for bulk-solids analysis.
GDMS analyses are highly precise (SD ±5%) in the low parts-per-
billkm range. Although the accuracy of GDMS (±10-300%) is still too
variable for analysis of lead in environmental samples (Huneke, 1988;
Sanderson et al., 1988), quaniitalive results (±5%) appear possible
(Harrison, 1988). Therefore, GDMS might soon become a valuable
technique for monitoring elemental concenlrulions in geologic matrices,
including lead in contaminated soils.

Mil nun !M' M.i\\ \IM»< IH

Applications of lasers in medical research continue- to expand, as
reported in two reviews by Andersson-Engels et al. (1989, 1990).
Others have provided complementary reviews of advances in laser-
nicroprnbe mass spectrometry and related laser-microprobe techniques
(e.g., Koppenaal, 1988. 1990; Verbueken et al.. 1988). Those methods
use lasers as an alternative to electron and ion beams for localized
chemical analysis. They have been incorporated in laser-microprohe
mass analysis (LAMMA), laser-induced mass analysis (LIMA), laser-
prwbe mass spectrography (LPMS). scanning-laser mass spectrometry
(SLMS), direct-imaging-laser mass analysis (DILMA). time-resolved
laser-induced breakdown spectroscopy (LIBS), laser-ablation and laser-
selective excitation spectroscopy (TABLASER) and laser-ablation and
resonance-ionization spectrometry (LARIS).

Laser techniques have several advantages for microprohe analyses of
lead concentrations in biologic matrices, including its high detection
efficiency (about 10 *' g). speed of operation, spatial resolution (I /im).
capabilities for inorganic and organic mass spectrography. and potential
for separate analysis of the surface layer and core of particles Disad-
vantages of the technique are that it is destructive, the quality of the
light-microscopic observation is poor, anil quantification of elemental i
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concentrations is questionable. Some of those features are listed in
Table 5-8 in comparison with other microanalytic techniques, including
electron-probe x-ray microanalysis, secondary-ion mass spectrometry,
and Raman microprobe analysis.

Linton et al. (I98S) have reviewed laser- and ion-microprobe sensi-
tivities for the detection of lead in biologic matrices. Their analyses
indicate that the relative detection limit of lead in biologic material with
a lateral resolution of I pm with LAMMA (5 ng/g) is about 100 times
better than that obtained with a Cameca IMS-3F ion microscope and
that the useful yield of lead ions was about 100 times belter with
LAMMA (10') than with the ion microscope (10s). The sensitivity for
lead in LAMMA is also much better than in SIMS, when normalized ID
potassium (Verbueken et al., 1988).

LAMMA was developed specifically to complement other microana-
lytic techniques for determining intracellular distributions of physiologic
cations and toxic constituents in biologic tissues. It has already been
used to investigate the distribution of lead in various tissues while still
in a development stage in studies of the localization of lead in different
cell types of bone marrow of a lead-poisoned person (Schmidt and
llsemann, 1984), of the topochemical distribution of lead across human
arterial walls in normal and sclerotic aortas (Schmidt, 1984; Schmkli
and llsemann, 1984; Linton et al., 1985), and of the distribution of lead
in placenta! tissue and fetal liver after acute maternal lead intoxication.
The potential of LAMMA in medical and environmental research has
been summarized by Verbueken et al. (1988), who concluded:

We have every reason to expect (hat routine i|iianlilalive LAMMA analysis
will develop reasonably successfully within Ihe nexl few years. Important in
the achievement of quantitative accurate analysis will lie necessary fundamental
studies of Ihe processes involved in Ihe measurement, including laser-mailer
interactions, plasma chemistry, and physics.

AI4 MM Al*4 M'lH N \l I 4 1 1 4 Ml

Atomic-absorption speetrometry (AAS) in routine use has been
available to laboratories for almost 30 years, and il has been established
in its current instrumented forms for about 20 years (Otlaway. 1983:
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Van Loon, 1985; EPA, I986a; Shuttler and Delves, 1986; Miller et al.,
1987; Angerer and Schaller. 1988; Osteryoung, 1988; Slavin, 1988;
Delves, 1991; Jacobson et al., 1991; Mushak, 1992). In brief, AAS
involves thermal atomizatton of lead from some transformable sample
matrix, absorption of radiation by the sample's lead-atom population (at
one of lead's discrete wavelengths) from some element-specific source,
and minimization or removal of diverse spectral interferents to provide
a clean, lead-derived detection signal. The source has typically been a
lead-specific hollow cathode or electrodeless discharge lamp.

AAS methods that use commercially available equipment are general-
ly single-clement methods. Simultaneous analyses of lead and other
dements usually require different analytic approaches and are beyond
the scope of this report. As is also the case with anodic-stripping
voltammetry (described later), lead is routinely measured in biologic
media as a concentration of the total element. Special ion methods have
used AAS-based metal-specific detectors in which AAS units are inter-
faced with additional instruments, e.g., gas-liquid and liquid chromato-
graphs (Van Loon, 1985; EPA, I986a).

Much of Ihe methodologic improvement in AAS in the last 30 years
has centered on the nature of the thermal excitation and the relative
efficiency in controlling spectral interference. The evolution of com-
mercially available atomic-absorption (AA) spectrometers over the last
30 years has concerned principally improvements in atomization and
detection. Originally, liquid samples containing the lead analyte were
aspirated into the flame of an AA spectrometer. That approach was
generally unsatisfactory for trace analysis because a large sample was
required and the detection limit was UN) high. Often, preconcenlration
was required by such means as chelation and extraction with an organic
solvent.

In 1970, the Delves Cup microflame technique appeared on the
scene; it was a marked improvement with respect to detection-limit and
sample-size requirements (Delves, 1977. 1984, 1991). The Delves Cup
approach also helps to minimize the spectral interferents that result from
an organic matrix if one uses a preignition step (Ediger and Coleman,
1972). As noted by Delves (1991), this approach does not lend itself to
automation, hut a high sample throughput is nonetheless achievable.
Accuracy and precision are quite satisfactory. Although (his technique



TABLE 5-8 Summary of Characteristics of Four Types of Microprobes*

Characteristic

Probe

Detection method

Resolution of
detection

Lateral resolution
(analyzed area)

Imaging (spatial
resolution)

Information depth

Detection limil-

1 Umrnl.l . .«<•••»• .•

inlortiMlitm

In-deplh analysis

Destructive

Quantitative analysis

X-Ray Microanalysis

Electrons

Characteristic X-rays:
WDS or EDS

WDS, 20 eV; EDS,
ISOeV

WDS, 1 Mm; EDS,
500-1,OOOA'

SEM. 70 A;
STEM, 15 A

• - i M m
WIJS. 100 ppm: EDS.

1 imo prim
• A l > s / .1 1 Dv

1 1

...

No

No

Yes

Ion Microprobe
(Ion Microscope)*

Ions

Ions (" + " or "-");
Double-focusing

MS

M/AM -
200,10.000

1-400 Mm

0.5 Mm (SII)

Tens of A

•mm*ppm

II 1

> . .

Yes

Yes

(Yes)

Laser
Microprobe
(Transmission
Geometry)

Photons (laser)

Ions (" + " or
•-"); TOP MS

M/AM = 800

1 M>"

. M m

--

ppm

II 1

,..
Difficult

Yes

(Yes)

Raman Microprobe

Photons (laser)

Photons (Raman);
Double monochro-
mator; PM

0.7 «nr' (spectr); 8 cm '
(image)

. M m

1 jim

--
M.ifor comp.

> . .
No

No

Yes

'EDS: energy-dispersive spectrometer.
PM: photomultiplier.
SEM: scanning electron microscope.
SII: secondary-ion image.
STEM: scanning transmission electron microscope.
TOF-MS: time-of-flight mass spectrometer.
WDS: wavelength-dispersive spectrometer.
Ion microscope Cameca-3f.
'High-concentration deposit.
'Depends on element of interest and on chemical environment, including nature of primary ion beam (Ar*. O*,,

O, Ca*).
'More in "static SIMS."
Source: Verbueken el al., 1988. Reprinted with permission from Inorganic Mass Speclrometrv; copyright 1988,

John Wiley & Sons.
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is not as popular as flameless GF-AAS, it performs well in cn
hands.

Over the last 10-15 years, GF-AAS has become ihe most fj\,««;
analytic variant of AAS. Liquid-sample requirements are rrtjrv
(10 pL routinely), and sensitivity is 10 times thai of the Delve*. ( -
method or better and up lo 1,000 times that of conventional »pir«i *
flame analysis. Across various sample types, detection is r«j >
achievable below the parts-per-billion level; in simple rrutrurv f.<
detection limit is around 0.05-0.5 ppb. High .sensitivity permit-, mi- i
modification with diluents. GF-AAS has the added advantage «\
ability to automation, and the literature contains a number of
of such adaptation for analyzing large numbers of samples k p \ r
Loon, 1985).

A potentially persistent problem with all micro-AAS method -i
spectral interference of diverse physicochemical and matrix typev ix'
the phenomenon might be most problematic with GF-AAS \ *..•_•.
means of interference control, termed background twrrciinn, hj»e r*r
developed. The deuterium-arc correction was first, and rem.-v.il '
spectromeiric interference with a Zeeman-effect spectrometer ua* '-
ond; other approaches are being developed (Van Loon. 1985)

AAS has a number of general advantages for the clinical-chenmci
and analytic-toxicology laboratory with respect to quantitative
ments of lead in biologic media. Equipment in various forms it
ally available commercially at moderate cost. Methods are
straightforward and impose only moderate requirements fur t\rr*.
personnel. AAS, particularly in the form of GF-AAS but also m :V
Delves Cup flame AAS (micro-FAAS) variation, has the requisite n
lytic sensitivity and specificity for whole blond, provided thai •*«•."
laboratory proficiency is appropriate. Of particular importance. *U
has a well-established track record of accuracy and precision anJ h»
been adopted for reference-laboratory use in proficiency testing anJ »t
ternal quality-assurance programs. Therefore, likely sources .-f pr*
lems for an analyst using AAS will probably have been identified **!
described elsewhere. AAS has performed well in ordinary lahorai-nn
according to results of external proficiency-testing and quality-arrive
programs.

ANTWC S1CUT*N£ Vfl IAHHI IUT
AM) OH WK El FCICOTJ tMICAl Ail IIN1*

fcelectrochemical technique of anodic-stripping voltammetry (ASV)
:,o trace analytic applications has been available for about 20 years
18 hased on early studies of polarography by Heyrovsky and col-
ye, in the 1920s (see, e.g., Nurnberg, 1983). Its current analytic

for lead in various media, developed from the studies of
al.. 1971; Nurnberg, 1983; Stoeppler, 1983a; EPA,

«4 Delves. 1991). Unlike AAS, ASV can be used as a mulli-
"*ni quanlhation technique, provided that deposition and stripping
rvieristics are favorable.
tSV works on a two-step principle of lead analysis. First, lead ion
ftti from some matrix is deposited by a two-electron reduction on
ft™ supported mercury film as a function of time and negative
•itt. The deposited lead is then reoxidized and electronically mea-
.-il via anodic sweeping. Those electrochemical processes generate
.-an potential curves (voltammograms) thai can he related lo concen-
ts of the metal, e.g., lead ion. In common with all electrochemical
•iKjues, ASV measures total quantity. Given infinite lime and
irle volume, electrochemical methods would theoretically have
"tt sensitivity. In practice, both laboratory time and available
•Tissues are limited, and this results in finite sensitivity. The ASV
•« collects all the -re*:! of interest at the deposition step, which is
•Trincipal factor in ASV's high operational sensitivity (low detection
•*,
W. like most electrochemical techniques, is affected by the thermo-
•OK and oxidation-reduction characteristics of Ihe analytic matrix.
"Mice, the lead ion must be liberated into a chemical matrix that

~« deposition and stripping without interference. Early methods
••- »et chemical degradation of organic matrices, including biologic
• i .such as whole blood (Matson el al.. 1971; Nurnberg. 1983;
' I986a). That approach, although it ensured mineralization,

5<ked a high risk of contamination by lead and was time-consum-
More recently, decomplexation has involved use of a mixture of

ions, including chromium and mercury, which liberate lead
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from binding sites by competitive binding. Tim approach p.*« p**
Icrns of adequate liberation; it gives low readings at f\^,
below 40pg/dL and high readings at high concentrations
1991). In the case of blood analyses, however, one can
overcome the problems by extending the time of decompiling
carefully resolving lead and interfering copper signals (Rixla <t n
1988).

Two methodologic advantages of ASV make it popular in laN>r**«i
that measure lead in various media, including whole blood. Th« *j>»
tages parallel those of GF-AAS and explain why ASV and Gl A4S n
the two most widely used techniques for measuring lead in hi.4.̂
media in the United Slates and elsewhere. First, the necessary auurtri
and precision required for trace and ultratrace analysis of hea\\ met*
are achievable with ASV in competent hands, according in many «po
and a performance record. Second, the sensitivity is such ihit • •
appropriate for the low average lead concentrations in media mm
encountered. As in the case of AAS, detection limits are
specific; in simple media, such as water, 10-100 pg can he
Required analyst expertise is modest, and the equipment is cnmmrr.i*'
ly available at costs lower than those of AAS.

ASV is not the only electrochemical method lhai can he u««l I»
quantitative analysis of lead. Jagner et al. (1981) reported leaJ me*
surement in blood with computerized potentiometric-stripping «ulw
(PSA); the reported sensitivity with the plating lime used was r<r»fi«(
to be 0.5 pg/dL, and within-run precision was reporied to he M *»
mean blood lead of 7 pg/dL. Another technique, differential H*
polarography (DPP), has not found a wide reception. althoufh »
analytic characteristics and advantages approach those of ASV tAnr<«
and Schaller, 1988). New instrumentation uses this method. Nit e
long-term utility for routine analysis of biologic media need-, t.' !*
determined.

NUCLEAR M/M** 114:
*rrr;n?«>M« i >

Nuclear magnetic resonance spectroscopy (NMR) is finding \Mt
application in the study of lead, for three specific reasons. I""

Cxrounc to LEAD

of high-magnetic field instruments has enhanced the
^nrity of NMR meaiuremint of lead in biologic systems. Second,
tfwMioa of specialized techniques for resolving complex spectra has
tf it possible to obtain dear spectra on solid, as well as liquid,
jcte. Finally, the increasing availability of NMR instruments for
jpmd axial (omographic (CAT) scanning has opened up new poten-
,h diagnostic exploration involving lead deposition.
i vise of NMR for lead characterization has been aptly reviewed by
ktneyer and Horcfaler (1989). The NMR properties of lead are
Binned by the presence of "'Pb (abundance, 22.6%). Studies have
aid that rfionancn frequencies of W7Pb are influenced by the
Wdar environment around that isotope. Thus, the observed chemical
Arjngeover several thousand parts per million, as opposed to the
*rim per million observed for 'H or "C. With this broad spectral
»?. identification of specific chemical forms of lead is simplified
ox of the increased resolution. One can anticipate increased
pokHi of NMR in Ike study of lead special ion in both environmen-
>ni clinkal settings. The ultimate potential of the technique in these
r-p is yet to be defined; it will be limited by the expense of the
irment and die high level of operating expertise required.
>w preliminary conclusions concerning the basic mechanisms of

r wicity at die cellular level have been reached with "F NMR.
'NMR on biologic samples containing the reagent 1,2 bis(2-amino-5-
'T?henoxy)elhane-Ar,/V,Ar',A/'-tetraacetic acid, initially described by
tas «t al. (1983), has been developed to measure intracellular free
wm aid free lead simultaneously in die rat osteohlastic osteosarco-
i3ll line ROS 17/2.8 (Schanne el al., 1989, I990a,h). Treatment of
k:rils with lead produced marked increases in intracellular free cal-
'*, mi concurrent measurements of intracellular free lead yielded a
*Ar«k>n of about 25 pM (Schanne et al., 1989). This in vitro
~que in clinical studies is useful in the measurement of intracellular
" ikmm and lead in erytfirocytes of exposed persons. It can also
* m characterizing the dose-response relationships in intracellular
* Aium transport.
'nHiiion to its ability to characterize molecular mechanisms of lead
MV it the cellular level in humans, "F NMR can also be used for
"""""s measurement of free cytosolic lead, calcium, zinc, iron,
'*<r metals. Even if such a discrete and early marker of lead toxi-

I

i
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city at the cellular concentration is uncovered, the high expense of in-
strumentation and the technical expertise required for NMR will limit its
application to selective studies of women, children, and adult workers
in lead industries.

TIC OUCJIIM MM**m II 1A

The calcium-disodium EDTA (CaNa,EDTA) provocation test is a
diagnostic and therapeutic test tp ascertain which children with Mood
lead concentrations between 25 and 55 fig/dL will respond to the chela
ing agent CaNa,EDTA with a brisk lead diuresis (Piomelli et al., 1984;
CDC, 1985). Children with a brisk response quality for a 5-day hospi-
tal course of CaNa,EDTA (Markowitz and Rosen, 1984; Piomelli et al.,
1984; CDC, 1985). The test constitutes a chemical biopsy of ex-
changeable lead, which is considered to be the most toxic fraction of
total body lead (Chisolm el al., 1975, 1976). CaNa2EDTA is confined
to the extracellular fluid, and lead that is excreted originated primarily
in bone and, to a lesser extent, in soft tissues (Osterloh and Becker,
1986).

An 8-hour provocation test in an outpatient department has been
shown to be as reliable as a 24-hour test (Markowitz and Rosen, 1984);
and measurement of urinary lead excretion with graphite-furnace AAS
(for example) is convenient and accurate, if urine is collected quantita-
tively in a lead-free apparatus. However, the provocation test is im-
practical, cumbersome, and labor-intensive in young children, from
whom quantitative urine collection is very difficult. EDTA chelatkm
has potentially toxic side effects in children and the lead redistribution
caused by dictation might actually increase the toxicity of lead in some
target tissues, such as brain. Therefore, it is unlikely that the test will
ever find wide application in sensitive populations.

In a recent study that used blood lead concentration and net corrected
LXRF photon counts as predictors of CaNa,EDTA t̂ outcomes, 90%
of lead-poisoned children were correctly classified as CaNa,EDTA-posi-
tive or -negative with a high degree of specificity and sensitivity (Rosen
et al., 1989). Therefore, LXRF with blood-lead concentration measure-
ment might ultimately replace the CaNa,EDTA test and prove suitable
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for assessing large numbers of individual subjects in sensitive popula-
tions to select those at risk for toxic effects of lead. Furthermore, new
effective oral dictating agents might substantially advance the treatment
of childhood lead intoxication. However, it is likely to be difficult to
tse such agents for outpatient treatment, unless lead-poisoned children
ire treated in a clean environment (transition housing) without excessive
lead ingestion, so that increasing lead absorption by the use of an oral
chelating agent will be precluded.

X »AY 111X t« Ml Ml Ml AM • I Ml Nl

During the last 2 decades, methods have been developed to measure
lead in Nine noninvasively. The residence time of lead in hone is long,
nd these methods could broaden the range of information available in
biologic monitoring of lead exposure to reflect long-term body stores
associated with chronic exposure and thereby complement plasma and
whole-blood lead measurements, which respond principally to acute
exposure.

Done lead measurements might or might not he related directly to
adverse biologic effects of lead exposure. As with any emergent
technology, their utility needs to be assessed both with respect to
unanswered questions about lead effects and with respect to other means
of predicting them. The physiologic availability of lead from different
bone compartments has received little investigation.

The relation between bone lead measurements and exposure or
biologic dose of lead is not clear. There is some evidence that cumula-
tive exposure can be estimated from bone lead measurements; but what
*is means, both for lead monitoring and for research into health effects
of lead exposure, has yet to be explored in full detail.

The techniques for in vivo measurement of bone lead with XRF can
be divided into two groups, and there are variations within each group.
Hie major difference between the two groups is that one relies on
detecting K-shell x rays and the other on L-shell x rays for lead mea-
surement. Radiation from an x-ray machine or other radiation source
penetrates to the innermost shells of lead atoms, thereby ejecting either
» L- or K-shell electron. As a result of the filling of a vacancy left by
» ejected electron, a K- or L-fluorescent x ray is emitted; and the
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emitted energy is characteristic of the element that absorbed the
x ray, in this case lead. A detection system that collects. .
displays, and analyzes emitted x rays according to their energy n *•
able to determine how much lead is present in the sample. The char*
teristics of L-line and K-line XRF techniques are summarized in T*w
5-9. Both techniques use r rays or x rays of low energy. Low
is below about ISO keV. In this energy range, a photon can
three types of interaction: photoelectric, Compton, and d»<K •>-<
coherent).

In photoelectric interaction, the incoming photon gives up ill t>
energy to an inner-shell electron of an atom. The electron i«
from the atom with a kinetic energy equal to the energy of the in
photon minus the electron binding energy. The result is a
the inner electron shell of the atom. The vacancy is filled h\ j !»>
tightly bound electron, and energy is released either as an x ra\ IT s
the ejection of valence electrons that have kinetic energy. Deititinf &«
energy of the x ray is the basis for the quantitative measurement of lr«!
in bone.

In Compton scattering, the incoming photon interacts with an rlccin*
(usually a valence, loosely bound, electron), and the photon enerp.
minus a small amount of electron binding energy, is then dn*M
between the electron in the atom (as kinetic energy) and the reMiluif
emitted photons. The energy of the electron and the scattered pN««
depends on the angle of scatter, and the scattered photons are tht nm
intense feature of XRF spectra. There are two strategies for mmimi/m
the extent to which Compton-scattered photons limit the precis* <4
XRF. One uses the angular dependence of Compton scatterini ml i
choice of energy of incoming photons to minimize the interference d
this scattering in the measurement of lead x rays (Ahlgren et al. l'>
Somervaille et al., 1985). The other produces a polarized incoming i
ray beam (Wielopolski et al., 1989). Such x rays have the propem **
they cannot be Compton-scattered at right angles to their planr J
polarization; thus their interference in the measurement of lead t rjyt »
minimized.

In elastic scattering, the incoming photon interacts with an atom »•
whole. There is a change in direction, which is usually slijhi. »<
there is virtually no energy absorption, so the photon continues »<*. •
effect, its full energy. The probability of elastic scattering

in energy, angle of scatter, and atomic number of the scattering
„ h is more probable for low-energy photons, for small scattering
Us. ind for high atomic numbers. In XRF spectra, it produces
it* nearly equal in energy to the incoming photons and interferenc-
, j* are smaller than those produced by Compton scattering but
•as than those from lead x rays from samples with lead concentra-
• a die range of biologic interest. The importance of elastic scatter-
,-t XRF lies in the fact that its strong dependence on atomic num-
t MRS that it is provoked primarily by calcium and phosphorus, and
<* lead, in biologic tissue samples containing bone. This feature of
c: scattering can be used to standardize lead concentration to bone
•Tvtical measurements (Somervaille et al., 1985).

Dcflmetrr

I* lead XRF measurements require irradiation with ionizing radia-
.1 so the radiation dose and associated risk are important. The dose
ink on the amount of energy absorbed and the mass of tissue in
«di it is absorbed. In this case, photoelectric and Compton inter-
ims contribute to dose. The dose also depends on which tissues
iriidie energy; different tissues have different sensitivities to ioniz-
tiJiition. For fluorescence measurements, one could consider the
•num skin dose, the total energy deposited in tissue, or the effective
«ilCRP, 1991). In measuring effective dose, full account is taken
:< different radiosenshivities of tissues. Both LXRF and KXRF

* recently been subjected to detailed dosimetric analysis, and the
(ft show that the two techniques give comparable doses for measure-
« of young children, but that adult doses are lower with both
aques (Kalef-Ezra et al., 1990; Slalkin et al., 1991,1992; Todd et

IW2). Effective doses in children and adults reported for the
3F method were less than those obtained with LXRF (Todd et al.,
r. Slatkin et al., 1992). The equivalent dose to a conceptus from

measurement, 38-52 nSv, is about 20 times greater than that
measurement (Slatkin et al., 1992). These dosimetric
between pregnant women and children have not been

for the KXRF method (Todd et al., 1992). Although dosi-
: assessments of KXRF and LXRF instruments followed ICRP 60
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TABLE 5-9 Characteristics of L-Line and K-Line XRF Instrument*-

Characteristic

Fluorescing source

Energy of imparted x
rays

Dosimetry. pSv
Infants
Children
Teenagers
Adults

Dosimelry during
pregnancy

L-Line

Low-energy generator:
incident photons are
polarized*

20keVk

1

2.5"
1.0"
0.5**
0.3"

-0.003% of natural
background radiation

K-Line

'"Cd*

88 keV

I.I4'
0.4"
0.2"
0.04"

-0.002% nf naluril
background raJuii «i

during 9-mo preg- during <)-m«
nancy* nancy'

Minimal detection limit
with 3 mm of over-
lying skin

Validation with whole
limbs

Type of bone sampled

Counting time

Counts corrected for
bone mineral content

Replicate reproducibilily
m vivo after reposi-
tioning of instrument

4 ppmk

Yes

Cortex11

16.5 mink

No

6 pprn'

Yes

Cortex and

30 min'-'

Yes

±2 ppmk (95* confi- Not yet |
dence limits)

if 5-> (cant.)

L-Line K-Line

•ul«J improve- Modify polarizer and
detector* to decrease
counting time to < 5
min and increase
sensitivity

Express data as Pb:Sr
ratios

Use larger-volume
hyperpure germa-
nium detectors and
faster electronics to
increase count rate

Modify geometry to
narrow Comptom
peak, reducing back-
ground

' -VKIJI dosimetrk assessments of KXRF and LXRF instruments followed
•' 60 pndetine* (ICRP, 1991), these estimates were obtained through
Hil protocols, conditions and assumptions. Accordingly, reported equiva-
• i«« for complementary techniques are not absolutely comparable.
• tlnpolskielal.. 1989; Rosen el al.. 1989, 1991, 1993; Rosen and Mark-

•: l»).
Swrvulleetal., 1985. 1986.
••Miielry calculated according to ICRP guidelines (ICRP, 1991).
<«kinetal., 1991. 1992.
•JJdil.. 1992.
•ildEzraetal., I99U.
•lopolskietil., 1989.
mvwlleeial., 1986.
•wrvailketal., 1988.
utmelal.. 1991.

al.. 1989; Rosen et al.. 1989.
1993.

'•lines (ICRP, 1991), they used some necessarily different consider-
Mnd assumptions based on the particular instruments being as-
•J Those differences might be less important than the magnitude
iVikises, which are 1-5 pSv for children and as low as 50 nsv for
K* measured with the K x-ray system. Annual natural background
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radiation doset are around 3 mSv, so at worst the dose of a small child
is equivalent to less than 1 day's natural background rad
lively, the additional radiation can he equated to one-tenth
in a single transcontinental air flight, which arises from the increase in
the cosmic-ray component of natural background with altitude. In term
of risk, the additional chance of a cancer death, the most probable of
the damaging effects of low to moderate radiation exposure, is around I
in 10 million, compared with a natural rate of about I in 5. In this
context, it seems clear that radiation exposure is not a limiting hazard in
the use of either of these measurement techniques.

Volume
KXRF and LXRF techniques differ in the volume of material sam-

pled. That is because attenuation of photons in tissue depends on the
photon energy. The higher energies used in KXRF mean that photons
penetrate farther into tissue. However, the greatest difference stems
from the attenuation of the characteristic x rays emerging from the
tissue. LXRF quanlitation is based on the IQ.SS-keV L0 x rays; KXRF
quantitation uses x rays of 72.8- 85 keV, with the most prominent being
the K., at 75.0 keV.

These photons do not have a definite range, so it is convenient to
characterize their ability to penetrate by the thickness of material re-
quired to reduce their intensity by a given factor. If one uses a factor
of 2 and compares the attenuation of only the L. x rays and the com-
bined effect of attenuation of incoming 88-keV photons and K,, x rays,
the half-value thickness for L x rays is 1 .6 mm in soft tissue (muscle)
and 0.35 mm in bone, and the half-value thickness for K x rays is
19.0 mm in muscle and 9.0 mm in bone. That comparison might
markedly overestimate the difference between the two techniques.
Other physical factors are extremely important, such as the relative
"hardatss of" energy of the exciting radiation and especially the relative
magnitude of signal-to-noise ratios, as determined by the magnitude of
background counts under peaks. KXRF and LXRF systems have not
been compared experimentally in that respect.

FOB ASSCtMNG tXTOMBC l«> 2X1

Quoted values for precision of the two techniques are similar and are
• the range ±2-10 jig/g. In making comparisons, it should be noted
tot L x-ray precision and results are usually stated in terms of lead
concentration in wet bone, whereas K x-ray results are usually stated as
lad concentration in bone mineral. For adult tibia, that introduces a
fetor of about 1.8; that is, 5 /ig of lead per gram of wet bone corre-
sponds to 9 fig of lead per gram of bone mineral. For other bones, the
actor is greater. The precision varies with lead location, soft tissue
ttenuation, count rates, and signal-to-noise ratios. Direct instrument
comparisons could further assess the relative importance of these vari-
Mes for the KXRF and LXRF techniques. Such comparisons between
nstruments of both types are increasingly relevant as instrument geome-
try is modified (Green et at., 1993). The quantitative limits of LXRF
nd KXRF instruments are approximately 2-5 and 10 ng/g, respectively.
Itese instruments assess lead concentrations at different bone sites,
•asmuch as they use different depths and areas of hone. It is unclear
•hether the areas of bone differ in the extent to which lead can be

i Mobilized by physiologic processes, such as growth, or pathologic
processes, such as otteoporosis.

The adequacy of quantitation limits of existing methods can be
JMlged, in part, by comparison with bone lead concentrations of suscep-
We populations, e.g., young children and women of child-bearing age.
Hie most extensive such data sets are those of Barry (1975), Drasch et
i (1987), and Drasch and On (1988).

Bone samples obtained at autopsy were analyzed with atomic-absorp-
tion spectrophotometry, in the case of the German data, and dithizone
dorimetry, in the case of the Barry (1975) analyses. Barry (1975)
reported that children living in the United Kingdom had mean lead
mcentratkms of 4 jtg/g wet weight (or approximately 8 pg/g ash
•eight). Drasch et a». (1987) and Drasch and Ott (1988) investigated

jkone lead concentrations in a nonoccupationally exposed population of
;«hilts and children living near Munich, Germany. In infants, the
l|eometric mean lead concentration was less than I pglg wet weight in
jtmporal bone, femur, and pelvic bone. Bone lead concentrations in
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people 10-20 years old had a geometric mean lead concentration under
2 pg/g in temporal and pelvic bones and midfemur. In 240 nonoccupa-
tionally exposed adults, the predominantly cortical femur and temporal
bone had geometric mean lead concentrations of about 3.9 and 5.6 pg/
g, respectively. The predominantly trabecular pelvic bone had a geo-
metric mean lead concentration of less than 2 pg/g. Comparison of
those data from persons who came to autopsy during 1983-1985 with
data obtained in 1974 from subjects who lived in the same geographic
area showed that bone lead concentrations had decreased 3-5 times for
children and approximately 1.3 times for adults.

On the basis of those data from the United Kingdom and Germany,
nonoccupationally exposed subjects had hone lead concentrations under
the limits of XRF instruments in use in the early 1990s. Both LXRF
and KXRF might have little clinical applicability for children who have
typical environmental lead exposures. Currently, neither technique can
provide accurate data on groups other than highly exposed populations,
e.g., workers in lead industries and other adults with prolonged high
exposures. However, some investigators are using these techniques to
examine those with relatively high environmental exposures. To mea-
sure bone lead concentration in the general population, XRF would need
increased sensitivity, perhaps increased by a factor of 5 to 10.

Nonetheless, XRF does provide information on past lead exposures of
a portion of the population. For example, XRF measurements would
complement screening programs aimed at high-risk urban children or
workers in lead industries. Such information would supplement identifi-
cation of more highly exposed persons through clinical history or
demographic methods. In addition, evidence of excessive exposure to
source-specific lead in affected communities could be produced by
comparative XRF surveys of heavily exposed and well-controlled,
normally exposed cohorts. The question of the relationship of endoge-
nous release of lead from bone to future health risks is important in a
determination of where XRF methods are likely to he focused in the
future. It is known that release of lead from bone in occupationally
exposed adults not only increases blood lead, but increases markers of
hematotoxicity caused by lead (Alessio et al., 197Ga; Alessio, 1988).
Bone lead concentrations are strongly linked to the diagnosis of lead
poisoning and to the efficacy of treatment for poisoning in lead workers
(Christoffersson et al., 1986). Children with known lead exposure who
were immobilized during hospitalization showed a marked increase in
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blood lead to concentrations associated with poisoning (Markowitz and
Weinberger, 1990).

Accuracy

The lead concentration will normally he measured by reference to
calibration standards. XRF sensitivity varies with position in the
sample, so assumptions have to be made about the spatial variation ol
lead concentration in the sample being measured. Adequate calibration
standards can be produced for either XRF technique, and this should not
be a major source of inaccuracy; but it should be noted that it might be
difficult and expensive to produce a single set of artificial calibration
standards that would serve for both LXRF and KXRF.

A typical assumption about lead distribution is that lead concentration
* soft tissue is zero and that lead is uniformly distributed in bone. The
first part of the assumption is probably reasonable, given the much
higher concentration of lead in hone than in soft tissue. Some consider-
*mn might be given to the fact that soft tissue overlying tibia is more
sensitively sampled than the bone itself; data on this subject are current-
ly lacking.

Some data show that bone lead concentration is relatively uniform
along a tibia (Wittmers et al., 1988), but other data suggest that some
variations in concentration may occur with depth in the tibia (Lindh et
*., 1978; Schidlovsky et al., 1990). Depth varies by around 0.1 mm
or less, so the different spatial responses of the two systems can be
significant, in that the half-value thickness for L x rays in bone is
0.35 mm, whereas that for K x rays is 9 mm. The K x-ray system
would integrate over the spatial variations in lead concentration, thus
rendering the measurement relatively unaffected by such discontinuities,
bat also obscuring any information that might he conveyed by the
variations. Definitive studies concerning the possibility of differences in
to microlocalization of lead in bone have not yet been published.

XI* »y»ti>im

The first bone lead XRF measurements used 122- and 136-keV y
nys from "Co to excite the K x rays and measured lead in a finger i
1
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bone (Ahlgren et al., 1976). A similar approach was taken, apparently
independently, in measuring tooth lead in vivo (Bloch et al., 1977), and
the finger-bone system was also adopted elsewhere (Price et al., 1984)
The original "Co system has now been in use since 1971, and longitudi-
nal data on retired lead workers cover most of that time (Nilsson et al.,
1991).

A later development in KXRF was the use of Y rays from lo*Cd to
excite the x rays. This had the advantage that the r-ray energy, at
88 keV, was so close to the minimum energy required to excite lead K
x rays that the normalization of lead to bone mineral with the elaslically
scattered photons was very accurate (Somervaille el al., 1985). The
lo*Cd approach has now been adopted, with a number of variations, by
laboratories in Wales (Morgan et al., 1990), Finland (Erkkili et al.,
1992), and the United States (Jones et al., 1987; Hu et al., 1990), as
well as the original laboratory in England (Cheltle et al., 1991).

LXRF systems have emerged from the collaboration of two U.S.
laboratories. The original work used '°*Cd (and silver x rays, rather
than the 88-keV r ray) or '"I (Wielopolski et al.. 1983), but the same
researchers later developed an improved version in which a better
detection limit was achieved with polarized x rays to reduce the extent
of Compton scattering observed in the region of the lead x rays (Wide-
polski et al., 1989).

The polarized LXRF system and KXRF with "Til have the best
published performance, and they form the basis of most of the com-
ments made here. However, it must be noted (hat further work is in
progress on both systems, and improvements in both systems appear
likely.

Viilhlntkn

LXRF measurements have been validated with whole human limbs
obtained after amputation. Measurements were recorded with the
overlying tissue intact and then on the bare bone; samples of the bone
were then sent for independent chemical analysis (Wielopolski et al..
1989). Such a protocol is in principle highly desirable because of its
potential rigor. In this case, nine surgically amputated limbs were used.
Clearly, additional assessments of limbs for measurements with KXRF

nd LXRF instruments would increase the systematic validation of both
'idiniques.
I KXRF validation has thus far been largely indirect. Bare-bone sam-
'jles have been analyzed by subjecting small core samples to AAS and
ten sending the residue of the bone for KXRF analysis (Somervaille et
i., 1986). Paired analyses have been performed in that way on 80

junples, incorporating metatarsals, calcaneus, tibia sections, and tibia
hgments. The two analyses were independently calibrated. The mean
tfference between XRF and AAS results on all 80 samples was less

'tan 0.1 Mg of lead per gram of bone mineral, and the maximum dif-
jkrcnce observed in any subset of the data was about 5 pg/g for a group
if three tibia sections (Chettle et al., 1991). The only flaw in the
tjlidation procedure was that it was indirect; extension to in vivo mea-
trements relied on .other experiments, which showed that the accuracy
< the K x-ray normalization to elastic scatter was independent of
'wlying tissue thickness (Somervaille et at., I98S). In some cases,
jtole limbs were measured with KXRF and then analyzed with AAS;
lit whole-limb results (three samples) tend to confirm the accuracy of
jfc technique (Hu et al., 1990). A few direct comparison data came
him subjects who died within a few months of in vivo measurement
ICkristoffersson et al., 1984; Nilsson et al., 1991). They show good
(reement between in vivo and autopsy data, hut the data are few, lime
xcessarily passed between in vivo and autopsy measurements, and,
ifccause the subjects were elderly, lead and calcium metabolism might
ave been changing during the last few months of life.
Proponents of both LXRF and KXRF systems are clearly satisfied

««h (he validation of their measurements, but there is room for rigor-
« validation conducted under the auspices of an independent external
.Juratory, rather than based on the internal procedures of a single
Moratory. These systems should be systematically assessed before
'Mr clinical utility for screening sensitive populations is evaluated, as
berthed below.

1 Photon spectra from XRF instruments should he carefully mea-
wed, including entrance dose, imparted energy, and effective dose
CRP, 1991).

I • Minimal detection limits (MDLs) should be established with
andard reference materials or amputated limbs whose lead content
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parallels that in a specific sensitive population that might be studied.
MDLs and calibration procedures should be developed under standard
instrument operating conditions to obtain clinically usable d*ati.

• The effective dose of x rays in sieverts should be calculated by
combining absorbed-dose data with geometric measurements on subjects
of various age groups while they are being measured for bone lead
under standard instrument operating conditions. The calculations must
be expressed according to the most current National Council on Radia-
tion Protection and Measurements (NCRP) and International Commis-
sion on Radiological Protection (1CRP) guidelines, with weighting
factors for all relevant radiosensitive tissues.

• The precision of in vivo XRF measurements should be determined
from duplicate measurements in up to 50 subjects in a sensitive popula-
tion to determine the 95% confidence limits of each measurement. For
replicate measurements, the tibia should be repositioned at a site distal
or proximal to the original measurement before obtaining the second
measurement. The tibia has been used most frequently in clinical
measurements.

• Standard values for effective dose (1CRP, 1991) should be recalcu-
lated and compared by independent experts from data on LXRF and
KXRF instruments operating under conditions of comparable in vivo
precision and similar bone lead detection limits.

• After those systematic procedures have been appropriately com-
pleted, the clinical utility of XRF instrumentation should be carefully
evaluated to ascertain whether clinically relevant data are being ob-
tained.

• In all the procedures noted above, the general radiation—exposure
principle of ALARA (as low as reasonably achievable) should be strictly
adhered to.

Clinical DM* rf X Bay riM«>r<M>ci>iira

On the basis of published data (Somervaille et al., 1985; Rosen el
al., 1989, 1991, 1993; Widopolski et al., 1989; Kalef-Ezra et al.,
1990; Slatkin et al., 1991, 1992; Todd et al., 1992; Rosen and Marko-
witz, 1993), the committee concludes that the utility and efficacy of the
KXRF and LXRF measurement techniques are similar and the radiation
dose associated with both methods is relatively small for all ages.
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As noted previously, lead has a residence time in blood of only 30-45
fays (Rabinowilz et al., 1976, 1977). Hence, measurements of lead in
Hood reflect recent exposure. A blood lead concentration might be
•ore useful when lead exposure can be reliably assumed to have been at
i given concentration, as in occupationally exposed adults, than when
ttermittent exposure is occurring or has occurred, as in children
oposed to leaded paint. With the recent development of complementa-
ij K-line and L-line XRF techniques to measure bone lead stores
mrinvasively (Somervaille et al., 1985, 1986, 1988; Rosen et al.,
1919, 1991; Wielopolski et al.. 1989; Rosen and Markowitz, 1993), it
nw appears possible to assess directly a time-averaged compartment of
had in bone, where hs residence time is months to years; however,
tide clinical application of XRF still needs to be developed (Rabinowitz
«al., 1976, 1977; Chamberlain et al., 1978). XRF has the potential to
date bone lead stores (and blood lead concentration), as predictive
Mcome measures, to the development of early expressions of lead
mkity. such as biochemical, dectrophyskilogic, and neurobehavioral
•denes (Rosen et al., 1989, 1991; Rosen and Markowitz, 1993). In a
pioneering study, Needleman et al. (1979) found that short-term and
tag-term neurobehavioral deficits caused by lead were closely correlat-
ed lo lead concentrations in compact bone, as reflected in tooth lead
CMcentrations (Needleman et al., 1990). Moreover, because blood lead
OMcentrations decrease once excessive lead exposure ends and a course
if dictation treatment has been successfully completed, blood lead
concentration is likely to underestimate high bone concentrations (Chris-
nffersson et al., 1986; Rosen et al., 1991; Rosen and Markowitz,
1993).

KXRF methods developed in Sweden (Ahlgren et al., 1980) and
England (Somervaille et al., 1985, 1986, 1988; Cheltle et al., 1989;
Armstrong et al., 1992) have demonstrated the clinical utility of bone
lead measurements in industrially exposed adults. The minimal detec-
*» limit for lead, with 3 mm of overlying tissue, was about 10 jtg/g of
*et bone (Somervaille et al., 1988). Specifically, studies by the Eng-

group showed that KXRF measurements are a good indicator of
Ing-term lead exposure, as assessed with the cumulative blood lead
Mcentration index in 20 control subjects and 190 workers in lead
•dustries (Somervaille et al., 1988). Moreover, Christoffersson et al.
1986), using the KXRF technique, showed progressive decreases in
*ial lead content with a mean half-time (short-term and long-term) of
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about 7 years, once workers were removed from lead industries. Both
skeletal storage compartments contributed to lead in blood even many
years after the end of high occupational exposure (ChristoftaqptflM.,
1986; Schfltz et al.. 1987a). With die KXRF technique in male worken
in lead industries, it is possible to measure lead concurrently hi cortical
and trabecular bone (Chettle et al., 1989). The two sites yield different
residence times for lead.

The clinical utility of the LXRF technique was first demonstrated in
59 lead-poisoned children (blood lead concentrations of 23-53 juj/dL)
(Rosen et al., 1989, 1991). The minimal detection limit for lead, with
3 mm of overlying tissue, was about 4 pg/g of wet bone (Widopolski it
al., 1989). In the Rosen et al. work. 90% of "lead-poisoned' children
were correctly classified as being CaNa,EDTA-positive or CaNa,-
EDTA-negative, and the majority of the children had bone lead concen-
trations at least as high as those measured in normal and industrially
exposed adults. The data indicate that bone lead concentrations in (he
study children were about 1,200-3,700 times greater than those in
ancient Peruvian bones (Ericson et al., 1979). Hence, by the age of?
years, mildly exposed children have already achieved enormous skeletal
burdens of lead, which are likely to have profound effects on their
health (Emmerson and Lecky. 1963; Patterson, 1980; Pirkle et al..
1985; Thompson et al.. 1985; Bdlinger et al., 1987,1988; Land* and
Flegal, 1988; Silbergeld et al., 1988; Rosen et al., 1989. 1991; Marko-
witz and Weinberger, 1990; Rosen and Markowitz, 1993). The LXRF
technique allowed decreases in bone lead content to be followed sequen-
tially during chelation therapy of children and after correction of leaded-
paint hazards.

Bom lead concentrations in the Rosen and Markowitz (in press)
prospective study of 162 untreated children, some of whom qualified for
CaNa,EDTA therapy (Piomdli et al., 1984; CDC, 1985), are beinj
coupled to several other outcome measures, including biochemical,
dectrophysiologic, and neurobehavioral characteristics. Bone lead
concentrations were measured with LXRF in children whose homes had
undcrfltoe lead abatement; some of them had undergone successful
chelation therapy, as judged by conventional criteria (including return of
blood lead and erythrocyte protoporphyrin concentrations to acceptable
concentrations). Their bone lead concentratioas were 3-5 limes higher
than concentrations measured in apparently normal European children

poten et al., 1991; Rosen and Markowitz, 1993). The clinical utility
rfLXRF ha* been extended to estimate bone lead content in lead-
oposed and ana-lead exposed suburban populations (Rosen et al., in
IMS). The mean bone lead value in 269 residents of the highly ex-
ited suburb (IS ppm) was 3-fold greater than that of the reference
'•hub (5 ppm). These differentially exposed populations included
•amiremenu in children, teenagers, and adults.
During pregnancy of lead-exposed women, bone lead stores could

toe an unfavorable effect on the neurologic maturation of fetuses or
jitots through physiologic demineralization of maternal bone after 12
'neks of pregnancy or during lactation. The potential intergenerational
•pact of lend might be present in women exposed to high concentra-
te of lead Mrly in life.
The in vivo precision of LXRF measurements was determined from

•plicate measurements in 37 randomly selected children who had tibia)
tone lead concentrations of 8-47 pg/g (mean, 16 ± 1 SEM). Each pair
/measurements was performed on the same day with the tibia reposi-
ned 4 cm distal to the site of the first measurement. The 95%
nfidence limits of replicate measurements were ±2 pg/g (Slatkin et
I, 1991). For use of the LXRF technique in children 1 and 5 years
H, the effective doses were calculated to be 2.5 and 1.0 pSv, respec-
My—a radiation exposure much less than that for one dental x-ray
(taure (Widopolski et al., 1989; Slatkin et al., 1991,1992; Rosen and
tarkowitz, 1993). Similar or lower values have been reported for the
KRF (Todd et al., 1992). Those effective doses were calculated
nording to die current NCRP and ICRP recommendations (NCRP,
N9; Rosen et al.. 1989; Widopolski et al., 1989; ICRP, 1991; Slalkin
'lal., 1991, 1992; Todd et al., 1992). Moreover, dosimetry data
Mcerning die use of die L-line technique during pregnancy have shown
tithe radiation exposure of die concepfus is negligible—no more than
1003% of die natural background ionizing radiation absorbed by the
mage American human conceptus during a full-term pregnancy
Uef-Ezra et al.. 1990).

As further improvements in die detector and polarizer are made, the
Mimal detection limit and photon counting time (less than 5 minutes)
'the LXRF technique are expected to decrease severalfold without an
wease in radiation exposure (Rosen et al., 1989). Until the decrease
'counting time is achieved, children less than 4 years old will continue
i be mildly sedated with orally administered chloral hydrate, so that

•1
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they remain still during the 16.5-minute measurement. Chloral hydrate,
which is used extensively in pediatric practice for mild sedation before
many electrophysiologic procedures, is not known to have any tutttian-
tial short-term side effects when appropriately administered. However,
more recent concerns regarding its potential carcinof enicity have been
raised by the findings of laboratory animal studies. The potential long-
term effects have yet to be resolved. The usefulness of the LXRF
technique can probably be expanded by measuring the ratio of the L-line
bone lead concentration to the K-line signal in the 10- to 16-keV inter-
val of the XRF spectrum (Rosen et al.. 1989).

Standard reference materials are now needed for external and internal
instrument calibrations for both the L-line and K-line techniques. The
calibrations should be carried out under strictly defined operating
conditions that achieve the minimal detection limit of each instrument
with concurrent measurement of radiation exposure, according to
recommendations of the ICRP (1991). Internal and external calibrations
should be assessed directly by independent experts. Calibration, with
the dosimetry and systematic measurements noted earlier, should pro-
vide confidence that risk assessments of both L-line and K-line tech-
niques have been thorough.

L-line and K-line XRF techniques are complementary and provide a
new, exciting, and needed capability to assess lead exposure that has
accumulated over time (many months to several years) in sensitive
populations. Both techniques are based on the general principles of
x-ray fluorescence, but the current characteristics of each technique
indicate that each has specific applications for developing needed infor-
mation on different sensitive populations.

Given the current state of development of birth the L-line and K-line
methods, it is not currently recommended dial either instrument be used
as a screening technique in general populations.

Although L-line and K-line XRF methods are becoming standard
techniques to assess previous lead exposure over a person's lifetime,
they entail critical research needs that must be addressed before they
can be more generally applied for screening of populations.

« Even though the radiation doses are low for both techniques, ef-
«ts should be made to develop methods to reduce radiation exposures
itber.
• Measurements of randomly selected men, in the near future, with

4i L-line and K-line instruments, will provide important information
IK> whether the two techniques estimate the same or different compart-
fltt of lead in bone. Men have been designated for initial compari-
«, because dosimetry data on men have been detailed and published
line L-line technique, and estimates of dosimetry do not appear to be
My dissimilar for the K-line method in the same population.
• h is possible that the two methods measure lead from metaholical-

idifferent skeletal compartments. Accordingly, experimental micro-
olization studies of human limbs would be relevant. Such studies
•M be carried out with proton-induced x-ray emission (PIXE) after
leful sectioning of limbs and assessment of tissues that are sectioned
1 experts and do not measure more than about 30-40 pm.
• Before the K-line XRF method can be considered for use in

•Wen, women of child-bearing age, and pregnant women, more
oiled and systematic studies are required to define dosimetry, preci-
n, minimal detection limits, and clinical utility in these populations,
aiimetry calculations on all tissues considered to be radiosensitive
•uld be carried out according to NCRP and ICRP guidelines.
• Calibration of both instruments with standard reference materials

i amputated limbs that parallel the mineral mass of the subjects to be
osured is clearly needed. For the use of the K-line XRF instrument
i postmenopausal osteoporotic women, the instrument should be
titrated with relevant standard reference materials or limbs (to reflect
creased mineral mass) obtained from postmenopausal women. For
• L-line XRF instrument, studies are in progress to calibrate the
•rument with the use of surgically amputated limbs from children.
• It is important to incorporate bone lead measurements in sensitive

filiations coupled to multiple outcome measures, and such outcome
ttures (biochemical, electrophysiologic, and neurobehavioral) can
W be incorporated into cohort studies of infants, children, women of
lid-bearing age, pregnant women, and other adults with the L-line
IF method. For the K-line XRF instrument, similar or other outcome
•wires can be incorporated into cohort studies of occupationally
•used workers and postmenopausal women.

I
S

I•
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CtlAlirr ASSURANCE AM) ttlAI liy r,f N|l< |

Quality assurance includes all steps that we taken to ensure rduNto
of data, including use of scientifically and technically SOWN) practice
for the collection, transport, and storage of samples; laboratory ami..
ses; and the recording, reporting, and interpretation of results (Frfcerg,
1988). Quality control focuses on the quality of laboratory r
(Taytor, 1987) and consists of external quality control, which
systems for objective monitoring of laboratory performance by
external laboratory, and internal quality control, which encompass i
defined set of procedures used by laboratory personnel to assess lahnn>
tory results as they are generated (Friberg, 1988). Those procedure
lead to decisions about whether laboratory results are sufficiently
reliable to be released. Auditing procedures are used to monitor un>
pling, transport of samples, and recording and reporting of data (Fri-
berg, 1988); these procedures are intended to promote laboratory
discipline and vigilance aimed at preventing errors, both inside mt
outside the laboratory (Taylor, 1987).

Statistical evaluation of laboratory data is essential for quality asw-
ance and quality control; its primary objective is to assess analytic
results for accuracy and precision. In this context, "precision" refen •
the reproducibilhy of results, and "accuracy" specifies the validity (4
those results. Hence, precision is a measure of random error* of i
method, and accuracy assesses systematic bias of the method Randna
errors are always present and systematic errors sometimes occur. In dw
absence of systematic errors, the reproducibilhy of measurements |*lac«i
the ultimate limit on the confidence ranges that can be assigned to a tf
of analytic results. Similarly, the ability to detect systematic bias •
limited by the analytic precision of the method: an inaccuracy of ±20*
is unlikely to be detected when the reproducibility of the measuremeat
is 20% or more.

Statistical evaluation of laboratory data is essential to detect system*-
ic bias (Taylor, 1987). Whether a laboratory participates in a nmnd-
robin proficiency testing program or uses regression analyses, tests rf
homogeneity, or other statistical methods, the acceptability of *t
laboratory results is based on stringently defined methods for asseutag
potential error. A repeatedly observed deviation from an assumed val-
ue, whether statistically significant or not, should be a cause for ci«iw«w

,,„ ft* AMHHN6 CWMUX

(jemand close scrutiny of laboratory results, even if no quality-
grf test rejected the laboratory (Taylor, 1987).
Bide the laboratory, the validity of each procedure must be estab-
4 within a specific matrix, which replicates the matrix of biologic
4 or tissues to be analyzed. Internal laboratory checks include
gremenf of the stability of samples, extensive calibration and
icaloa of samples measured in duplicate, determination of precision
iKcuracy testing win matrix-matched samples and standards,
n«f through of blank solutions for analyses sequentially in every
Kof analysis, and useful characterization of the range of linearity
iwiance of calibration curves over time (Valuer, 1982; Nieboer and
m. 1983; Stoeppler, 198%). External assessments of laboratory
finance are best carried out through a laboratory's participation in
rf-organized, formalized mterlaboratory proficiency testing pro-
• Such a program should include the use of centrally prepared
died samples in which a specific characteristic has been measured
11 reference method (Friberg, 1988). For example, a suitable
tancy testing program for measurement of lead in whole blood
ii involve the use of blood samples from cows fed an inorganic lead
t ne samples would be certified as to lead content with isotope-
mi mass spectroscopy at the National Institute of Standards and
tWogy.
definitive method is one in which various characteristics are clearly
ied and instrumental measurements can be performed with a high
d of confidence (Cali and Reed, 1976). For lead in biologic fluids,
: definitive method is isotope-dilution mass spectroscopy (IDMS).
«reaches a high level of accuracy, because manipulations are
ned out on a weight basis. Measurement involves determinations of
n* ratios, not absohlte determinations of individual isotopes; analyt-
Kision of one part in I0*-I0* can be routinely obtained. Atomic-
nption spectroscopy and anodic stripping vollammetry both qualify
•r«nce methods for measurement of lead in whole blood, because
As obtained with them can be assessed precisely by or calibration
« results of IDMS analyses (Stoeppler, I983b). As acceptable
mirations of lead in Mood and other biologic media become lower,
nHibility of standard reference materials and their wider distribu-
"o laboratories become increasingly important.
•fd advances in development of sophisticated instrumentation,

I
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increased awareness of background contamination of lead analyse)
outside and inside die laboratory, and the use of reference methods nan
contributed to laboratories capability to measure lower concentrations of
lead and to measure lead with increased precision (Stoeppler, 1983b;
Taylor, 1987; Friberg, 1988). Because lead is widely distributed in air.
in dust, and in routinely used laboratory chemicals, the laboratory
requirements for ultraclean or ultratnce analyses of lead, such as for
lead in plasma, are extremely demanding; very few laboratories have
ultraclean facilities and related instrumentation to permit accurate
measurements of trace amounts of lead in biologic fluids (Patterson and
Settle, 1976; Everson and Patterson, 1980). In an ideal world, ultra-
clean laboratory techniques would be applied in all laboratory proce-
dures. In the practical world of clinical and epidemiologk studies,
these exacting techniques are unrealistic. For example, excellence in
laboratory standards is essential, but sampling conditions in the field,
clinic, or hospital cannot be expected to be the same as ambient condi-
tions in an ultraclean laboratory. Sampling under practical conditions is
bound to involve some positive analytic error (Stoeppler, I983b).
However, the amount of lead introduced by ambient exposure of biolog-
ic fluids and by routinely used laboratory reagents must be known and
assessed frequently to identify significant compromise within an analytic
procedure (Rabinowte and Needleman, 1982; Friberg, 1988). Tempo-
ral considerations are also important in the measurement of lead and
biologic indicators of lead toxicity, because these substances might
circulate in biologic fluids with specific and different patterns of ultra-
dian (between an hour and a day) and circadian rhythmicity (Rabinowie
and Needleman, 1982).

Sample collection has the potential to account for the greatest amount
of positive error during analyses of lead at low concentrations, hi
contrast with the smaller errors that are inherent in instrumentation
(Nieboer and Jusys, 1983). In measurement of lead in whole blood, for
example. Mood for analysis is preferably obtained with venipuncture
and less preferably with fingerslick. The choice of sampling technique
is based on feasibility, setting (parent-child acceptance), and extent of
training of the persons who are collecting the samples. Fingerstick or
capillary sampling might be problematic because of skin contamination,
contamination within capillary tubing, and inadequate hepariniration of
the sample (EPA, I986a). Cleaning the skin thoroughly is more impor-

•t than the choice between alcohol and a phosphate-containing soap as
ie cleanser. Overestimates of the concentration of lead in whole blood
» occur through contamination of the skin or capillary tubes, and
•derestimates can occur through dilution of blood with tissue fluids
aeed by squeezing of the finger too rigorously. For those reasons,
•ring NHANES II. only venous blood samples were obtained and
iduded in the analysis of survey results (Annest et al., 1982).
k should be noted that the erythrocyle protoporphyrin (EP) lest is an

iwnsitive assay at blood lead concentrations below 50 pg/dL (Mahaf-
fcy and Annest, 1986); widespread use of properly obtained fingerstick
•nples appears to be necessary in screening large populations. The EP
Bt has commonly been used in the past to screen large populations of
iidren. From a public-health standpoint, it is desirable to obtain false-
ttkive values with the new fingerstick techniques and then perform
fcfuu'tive venous sampling. Public-health officials should not rely on
U EP methods, which have been shown to yield a false-negative rate
iabout 50% at blood lead concentrations less than 50 pg/dL (Mahaffey
ad Annest, 1986).

Plastic and glass laboratory equipment must be cleaned rigorously in
i acid bath and then washed thoroughly in high-purity (18-megohm)
«er. Only laboratory reagents with known lead concentrations should
t used, and these contributors to positive laboratory errors should be
nsured individually (Rabinowitz and Needleman. 1982). For ultra-
ace analyses, doubly distilled reagents and highly purified materials
R necessary (Everson and Patterson, 1980).

Most clinical and epidemiologic research laboratories now involved in
enuring lead in biologic materials use only a few well-studied analytic
Mhods routinely. In coming years, most laboratories will probably
tain these methods for measuring lead at the ever-lower guideline
ncentrations that are being promulgated, e.g., lead in whole Mood at
> below IQpg/dL, the new CDC action level for childhood lead
insure. The routine methods used for such typical analyses as lead in
*ole blood are principally electrothermal or graphite-furnace atomic-
korption spectrometry (GF-AAS) and the electrochemical technique of
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ASV. Other variations on AAS and electrochemistry are either pauiat
out of use or increasing in use; they are not as popular with labor,
as those two. Both AAS and ASV are theoretically adequate
new, more rigid performance and proficiency demands being placed oa
laboratories in light of lower body lead burdens and exposure mtf
toxicity guidelines, provided that attention to rigid protocols is temp*
lous.

It appears that blood lead measurements will continue to have •
important place in the human toxicology of lead, primarily as an info
of recent exposure. L-line XRF measurements of lead in libial cortical
bone of children, women of child-bearing age, pregnant women ml
other adults appear to have considerable dosimetric relevance fcv
assessing lead stores that have accumulated over a lifetime. K lint XRF
techniques appear to have substantial biologic relevance for v*euw|
cumulative lead exposure in workers in lead-related industries and
possibly for relating cumulative lead exposure to epidemiologic siwly <4
renal disease, hypertension, and osteoporosis. Wider application at
both techniques, coupled to sensitive high-performance liquid chromau-
graphic methods for assessing lead's inhibition of the heme hiosynthctic
pathway in worker populations, holds considerable promise for further
delineating toxic effects of lead in sensitive populations at relatively h<«
exposures.

The primary concern with current lead concentration measurements k
over analytic error, rather than instrumental limitations—specifically
caused by the introduction of lead into samples during collect**,
storage, treatment, and analysis. Contaminant lead, which is comiwwly
not accurately quantified, increased measured lead concentrations Con-
sequently, reported lead concentrations in both biologic and envin«-
mental samples are often erroneously high, as demonstrated with inter-
calibrated studies that used trace-metal-clean techniques and rig<>n<«
quality-control and quality-assurance procedures.

Intercalibrations have demonstrated that many conventional ii»lr»-
ments are capable of accurately and precisely measuring lead concentra-
tions in Moiogk tissues and environmental samples. They includ*
atomic-absorption spectrometers and anodic-stripping voliamrrwien.
which are commonly used to measure lead concentrations in hoipitah
and commercial laboratories. Moreover, recent advances in insirunww-
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«d methods have demonstrated that parts-per-trillion lead concen-
pg can be accurately and precisely measured with either of those

femvasive XRF methods are being used more for measuring lead in
( where most of the body burden of lead accumulates. They
•fc complementary methods: LXRF and KXRF. Developments in
nw XRF analysis of human bone lead are occurring in parallel with
yea in knowledge of two closely related subjects: the quantitative
KM of lead exposure to hope lead concentrations and the quanttta-
t trillion of bone lead concentration, either total or compartment-
ofic, to either the extent of resorption into the circulation or the
A risks associated with such resorption. The direction of future
f methodologk developments and the ultimate potential of XRF
duds for use in large-scale exposure screenings of diverse popula-
iwill be influenced by the answers to these questions:

• Are sensitivity limits of present XRF methods adequate for reliable
•raaent of bone lead (Concentrations that reflect unacceptable
•Itfive exposures and indicate some potential health risk associated
I resorption into blood?
• Are thresholds of potential concern for adverse health effects of
i when indexed as bone lead concentration, around or below the
•at measurement capability tor in vivo lead quantitation?
1 Are XRF systems likely to be useful only for screening high-
rare subjects, or can the potential for this in vivo determination
•d to low-exposure subjects if instruments are refined?
• How reliably can the apparently distinct bone lead pools probed
i LXRF vs. KXRF methods be related to past lead exposures that
•I tad to mobilization of lead from bone stores and increased future
ay? Is tandem use of LXRF and KXRF measurements required in
il exposure screenings of sensitive populations for adequate risk
•Mem?
'Who are the most appropriate sensitive populations for XRF
Mis? Young children? If so, at what age range? Women of child-
range?
'To what purpose should XRF data be put? To determine that
•laive past exposure producing irreversible intoxication is a marker



use
of current adverse health effects? To determine the extent of future rna
of endogenous toxicity associated with resorptkm of lead from Nine MM
blood? ' f

Technical problems with XRF methods appear to fall into thret
general categories, as follows:

• Difficulty in separating instrument background from lead i/jurf
Research groups and instrument vendors use varied software to separate
the lead signal from the instrument background. Some software n
proprietary and has little publicly available documentation; sharing nf
applicable software could help to advance the field. Even some of tht
better methods for separating signal from background cannot identify a
signal that is less than 2 times greater than background. Lead concen-
trations of 2-10 ftg/g are the lowest that are quantifiable with XRF
methods. Those concentrations are higher than bone lead concentratium
of many adults and most children, but not higher than those nf occur**-
tkmally exposed people or people with atypically increased environmen-
tal lead exposures.

• Variability between instruments. No appropriate certified Ma*-
dards are available to provide a basts for obtaining consistent, accurate.
and quantitative data. The presence of standards would make it piwiMc
to assess and improve the accuracy and precision of different instru-
ments. The availability of standards would also improve the validity of
quality-assurance and quality-control programs in use by various f nmpi
and permit comparative measurements between instruments.

• Physiologic aspects of bone turnover. Physiologic variability ia
lead concentration between and within various bones has not beea
explored with XRF methods. Bone turnover and remodeling are af<-
and sex-dependent, and that complicates interpretation among grmipi
(especially young children) that have bone lead concentrations substan-
tially below the limit of in vivo XRF methods now available.

Repotted LXRF and KXRF systems appear to measure bone lead
pooh that differ in concentration, anatomic region, and toxicokinetk
mobility. LXRF data might reflect a hone lead pool more labile thai
the purely conical mineral lead fraction measured by the KXRF system
It would be premature to delineate the age-developmental time N«u«l
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«over which these two systems can be viewed as operating optimal-
Consequently, it is appropriate to view the two approaches as

.liflnf complementary information. All such information might, in
•. he required to obtain a complete exposure profile and a compre-
sive framework for assessment of health risks.
Ik definitive method of measuring lead concentration is still isotope-
jriMthermal-ionization mass spectrometry (TIMS). Although TIMS
»1 appropriate for routine analyses, because of cost and complexity,
(becoming more useful for medical research as a result of continuing
twvements in sample processing and sensitivity The applicability of
16 in medical research is also expanding with the development of
• isotope tracer methods, which eliminate the need for radioisotopes
oidies of lead metabolism.
Other types of inorganic mass spectrometers are becoming feasible.
wx developments in inductively coupled plasma mass spectrometry
M indicated that it will soon become common in hospitals and com-
ttial laboratories, where it might be used for both lead concentration
tfBOtopic-composhion analyses of biologic tissues and environmental
Krials. Comparable advances in other types of mass spectrometry
tale that they could also soon be used to measure lead in solid
Krials; they include gas-discharge mass spectrometry, secondary-ion
• spectrometry, and laser-microprobe mass analysis.
Ntdear magnetic resonance spectroscopy is also potentially valuable
iaulysis of lead in biologic materials. Specifically, it might be used
BHSure intracdlular and cellular lead, as well as calcium, zinc, iron,

Mother trace elements. However, applications of this technique will
•aiieio be limited by the expense of the instrument and the technical
?mise required to operate it.
lead concentrations and isotopic compositions in biologic and envi-
•eatal matrices can be accurately and precisely measured with
•sine instrumentation, notably atomic-absorption spectrometry and
>4c-siripping voltammetry. The capabilities of those commonly used
mnents now exceed most analytic requirements and are still being
poved. The applicability of other instruments, which often provide
ffementary lead measurements, has been demonstrated within the
'decade. It is anticipated that newer techniques (L-line and K-line
IF and inductively coupled plasma mass spectrometry) will soon be
•non in clinical and epidemiologic studies. Other types of mass

«
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spectrometry and nuclear magnetic resonance sptabmtcnpy are Jto
expected to be used in more specialized studies. The utility of aH dto*
types of analyses will continue to be limited by the degree ajHtfsVp
control and quality assurance used in sample collection. storage, and
analysis.

As the focus of public-health officials has turned to lower expo*am.
the errors-in-variables problem has become more severe, and the r*«4
for more careful measurements has increased. For example, the nan-
dard error of the Mind quality-control data in NHANF.S II was apprmi
mately 10% of the mean blood lead concentration. To achieve a similar
signal-to-noise ratio in the data (and hence a similar reliability civffi-
cient in epidemiologic correlations),' NHANES III will need lo reduce
absolute measurement error by about a factor of 3. Similarly, a
screening programs focus on lower exposures, the probability of mi«
classification increases, unless the measurement errors are reduced
proportionally. Analyses of data from NHANES II, which had muck
better contamination control and laboratory technique than most seren-
ing programs, snowed a significant risk of misclassifkation of a chiU't
blood lead concentration as being above 30 jig/dL because of the analyv
ic error (Annest et al., 1982). Reliable detection of blood lead concen-
trations of 10 pg/dL will require considerably more care and probably
different methods from those now used.

6
Summary

and BeccmmciMlaticns

\idy and science are working hard to comprehend and respond to
is a major, persisting public-health issue that is of particular rele-
tceio what are termed sensitive populations (i.e., populations that are
pcial risk for the subtle adverse health effects of chronic low-dose

rf exposure): infants, children, and pregnant women (as surrogates
•fetuses). This chapter presents recommendations on such matters as
trees and pathways of lead exposure, the environmental epidemiology
leal in sensitive populations, methods of assessing exposure to lead
i reference to markers of both exposure and effect, and adverse
Ak effects of lead.

rr
to understanding of lead exposure in sensitive populations requires
•ledge of the possible sources of exposure. This is especially im-

•ant for lead, because it is found widely throughout the environment.
•ever, for sensitive populations, there are some sources that are
re important than otters. These include lead in paint, gasoline,
iing water, solder (used to solder joints in water-distribution sys-
•s and used in imported food packaging), and in imported pottery.
wed previously, there are some continued uses of lead arsenate in

•ultare, and it may be a contaminant in some dietary supplements,
1 as calcium preparations. Finally, this report did not address oc-
•ikmal exposure, but this may also be an important indirect source
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of exposure for some children in families whose parents work in lead
industries.

ADVERSE I tAI III III Id4 < « 11 Al)

The committee has identified infants, children, and pregnant women
(as surrogates for fetuses) as sensitive populations at risk for the subtle
adverse health effects of chronic low-dose lead exposure. In addition,
adults occupationally exposed to lead and others having potentially tup
exposures face the risk of various forms of lead toxicity, including mk
of lead-induced increases in blood pressure. However, the most sensi-
tive populations at special risk for lead toxicity are infants, children.
and pregnant women (as surrogates for fetuses).

There has been a substantial change in our understanding of ih<
health effects of lead since the mid-1970s. When the 1970% began,
interest in lead was focused on symptomatic lead-poisoned children.
Research beginning in the 1980's identified cognitive effects short of
encephalopathy and numerous noncognitive end points of smaller and
smaller lead exposures. Those changes have redefined the population*
at risk and the risks themselves.

The 1980s also saw the idvent of prospective studies examining the
cognitive effects of prenatal and postnatal exposure to lead. Such
studies have been undertaken in populations with much smaller expo-
sures than were previously examined. Despite the lower power implied
by the smaller exposure range and exposures closer to the measurement
error in the analytic techniques used, studies by Bellinger, Dietrich. ami
Vimpani and their co-workers have all found decrements in (he Rjyley
Scales of Infant Development (used to judge extent of growth and
development) and other developmental tests for infants associated with
prenatal, postnatal, or perinatal lead exposure. The Wood lead concen-
trations in these studies were usually 5-15 pgldL. Associations found ia
a study group consisting mostly of people with a history of alcohol and
drug abuse were weaker or insignificant, possibly because of difficulties
in detecting the effects of lead in a population exposed to other n<ik
agents. Even in that group, the trends generally suggested decreased
performance with increased lead exposure.

Another development has been the use of end points other than full-

jt |Q to measure the effects of lead on the central nervous system
NS), such as teacher rating scales, reaction-time tests with an atten-

component, brain stem auditory evoked potentials, hearing
s, and other electroencephalographic measures. Some have

dd balance to be a sensitive early indicator of lead toxicity. The
jigs have added strength to the association with full-scale IQ, but it
vteworthy that the most consistent finding across all the studies of
(CMS effects of lead is the association of increasing exposure with
oteiag reaction time, which apparently indicates an attention deficit.
»lv effects have been noted in monkeys, again at lead concentrations
5-15 fig/dL.
DM complex of recently identified end points involves disturbances
fe growth and development• of the fetus and child. That identifica-
ihas been accompanied by increased evidence of metabolic distur-
Keson the subcellular level that provide clues to the possible media-
is of lead toxicity.
lecenl studies indicate an inverse association of maternal lead expo-
rt with birthweight or duration of pregnancy. For example, one
dy indicated that a change in maternal blood lead concentration from
utpg/dL would be associated with a 0.6-week reduction in duration
(Kfnancy and a consequent 46-g reduction in hirthweight. The joint
logenic effects of alcohol, tobacco, and lead appear to be less than
Mve, and that could account for the lack of statistical significance in
fitting of Ernhart and co-workers in a population with a history of
Ad abuse.
Effects of lead on postnatal growth and development have been
wted. Shortness of heavily exposed children (mean blood lead, 57
.A.) was noted by Mooty in 1975. In 1986, Schwartz and co-work-
i reported an association between lead and stature, with a 3-cm
dine in height at age 5 as blood lead concentrations increased from 5
5pg/dL. Prospective studies have confirmed an association of lead
mm with retarded postnatal growth in infants and children. Lead
»«bo been associated with a delay in the age at which a child first
' up. Again, the findings suggest significant differences between
«1 lead concentrations of 5 and 15 jig/dL.
brly epidemiologic assessments relied on traditional questionnaires
* counting). If the majority of studies found an association, the
w was likely. The fact that the statistical analyses were highly
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sensitive to sample size was ignored, as were me sample sizes them-
selves. However, recent epidemiologic assessments have paid mnrt
attention to general trends and effect-size comparisons betwwt tiNAfe
and less attention to vote counting. Intuitively, five studies showing die
same effect size are fairly convincing, whereas five studies with widely
differing effect sizes are mostly suggestive of uncontrolled connninding.
Meta-analysis is the common term for the more formal statistical meth-
ods for combining studies. Although the methods of meta-analysis mug
be applied cautiously, they promise an important improvement in the
interpretation of the literature.

997

He committee concludes that a number of questions concerning the
«nk compartmental mobility of lead remain, especially those related
•rinds of monitoring for lead exposure.

i The committee recommends that further studies be done to deter-
«the factors that influence movement of lead into bone and from
«to Wood and other target tissues; the early-effect indicators in lead
yuan monitoring, including research on lead-binding proteins and
* use in monitoring for small exposures; and in vivo lead and
MO\ interactions.

MAEWEEf CT LEAD EXrCttJME AM> III HI

Lead has been shown to be a potent disturber of cellular calcium
metabolism, preferentially binding to and activating or blocking calci-
um-binding proteins, such as calmodulin and calcitonin. Lead appean
to produce increased intracellular calcium stores in every tissue studied,
possibly with consequences for second-messenger functions. Recently,
lead has been shown to activate protein kinase C at less than pkomnlar
concentrations. No direct connection between those metabolic changes
and disturbances in growth or cognitive functions has been established,
but the existence of such changes adds considerable plausibility to die
epidemiologic findings, panicularly in view of the pervasive role of
calcium in regulating cellular function.

Molecular biologic markers for assessing individual differences ia
responsiveness to lead exposure are of increasing interest, because of
the well-known individual variations in susceptibility at a given Mood
lead concentration. Radioimmunoassays for marker proteins, such at
the renal and brain lead-binding proteins that have been found in the
blood and urine of rodents, are of great potential value in elucidating
the underlying causative factors of susceptibility to lead toxicity at the
molecular level.

The use of markers involves noninvasive or minimally invasive
procedures. That is particularly important for gaining acceptance hy
public-health professionals and the public. It is clear that new marker
techniques must be rapid, relatively simple, economically feasible, and
associated with minimal health risks, if they are to gain widespread
application.

ItCtMCUiS YC MCAMJCT I±AD
EXTCflJGE AND CAM T TOXIC CITFCTf

Continuous measurement of exposure, allowing more detailed investi-
ng of potential dose-response relations, has been introduced. Im-
-red analytic techniques have reduced errors in the measurement of
il exposure, as well at of some covariates. Biologic markers of
mure—such as blood lead, urinary lead, and bone lead—have
nys involved measurement of total lead in epidemiologically and
icilly relevant biologic media. The existence of specific biochemi-
forms of lead in accessible physiologic media, their role in lead

acokinetics and toxicity, and their comparative diagnostic value in in
i biochemical behavior are important and perhaps require more
alien in the future. In the near term, such questions would have to
ildressed dirough in vivo metal research.
Ik potentially useful form-specific analysis in the near term for
K segments of populations at risk has to do with speciation of
»jwic versus biochemically stable organolead species in physiologic
fe with existing trace and ultratrace analytic methods. This ap-
«h K important for specific populations where environmental
faktn and accumulation occur or existence of alkyl lead forms
<M be problematic and where evidence exists of accumulation of
bent organolead species in tissues such as brain.
JW current trend in measurements for lead dosimetry and effects is
"d noninvasive or minimally invasive procedures for blood, urine,
'one. For bone, the anatomic location of the measurement is typical-
fc finger, tibia, or calcaneus, because the bone in those areas is i
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close to the skin and x-ray absorption in soft tissue is minimized.
Those anatomic locations might also be physiologically huomiu
because of apparent differences between the residence time of lead in
compact versus cancellous bone, which could influence calculations of
internal lead doses from bone lead stores.

The regulatory and public-health implications of the advent of the
techniques noted above concern the new ability to detect low-dose lead
effects and to relate them more precisely to internal lead dosage.
Further refinements and validation of the methods should permit societal
decisions about low-dose lead in sensitive populations to be nude on the
basis of actual data, as opposed to calculated extrapolations, which can
be based on uncorroborated assumptions. Clearly, the new methods
have the potential to revolutionize public-health strategies in dealing
with lead.

The committee concludes that, at the current blood lead concentra-
tions of concern, accurate and precise blood lead values can be obtained
with current techniques, given strict attention to contamination control
and other principles of quality assurance and quality control (QA/QC).
For the present and near future, blood lead values, rather than those of
erythrocyte protoporphyrin, will be the primary screening tool to assess
current lead exposure.

• The committee recommends that the optimal screening method
should be venous sampling. However, the committee recognizes that
initial screening of small children will involve capillary blood sampling
with strict attention to principles of contamination control. Under the
latter circumstances, a confirmatory foltowup measurement on children
whose measurements exceed the latest Centers for Disease Control and
Prevention guidelines should be carried out on a venous blood sample
obtained by venipuncture.

The primary concerns associated with current measurements of lead
concentrations in sensitive populations are unrecognized contamination
and insufficient QA/QC. Several analytic techniques (atomic-absorption
spectroscopy (AAS), anodic stripping voltammetry (ASV), and induc-
tively coupled plasma mass spectrometry (ICP-MS)) are available for
routine measurements of lead concentrations at parts-per-billton concen-
trations in clinical laboratories experienced in conducting those measure-
ments regularly.

• The committee recommends the establishment of rigorous trace-
teal cleanup techniques in sample collection, storage, and analysis in
I clinical laboratories. The quality of those measurements should be
tocumented with detailed QA/QC procedures, required participation in
find interlaboratory proficiency testing programs, and analysis of lead
iMood with concurrent analyses of appropriate reference materials.

There is a need for stored samples and standard reference materials
tone, water, blood, urine, dust, soil, and paint) to assess laboratory
ncision and adherence to QA/QC principles. Aliquots of representa-
K samples also need to be stored for future intercalibrations.
As the focus of epidemiologic studies has turned to smaller lead

iposure, the problem of errors in the variables has become more
were, and the need for more careful measurements has markedly
creased. Errors in measurement of variables other than lead similarly
Mime considerable importance. Before epidemiologic studies are
tpin, errors in variables (e.g., the standard deviation of the analytic
osurement error in blood lead or IQ) must be systematically quanti-
td.
For L-line and K-line x-ray fluorescence (XRF) instruments, standard

fcrence materials are needed for intralaboratory and interlaboratory
retirements and QA/QC assessments. Standard reference materials
mild be used to evaluate the counting lime necessary to achieve a
nntitative lead peak of, e.g., 10 ppm, with 95% confidence limits,
•ter the same operating conditions used for patient measurements. If
•line or K-line instruments are proposed for use in women of child-
tiring age or pregnant women, the radiation risk to the human concep-
i must be carefully quantified, according to NRC guidelines. More-
ier, dosimetry measurements of both instruments should be calculated
ft strict adherence to National Council on Radiation Protection and
feasurements procedures. The calculations should include determina-
nts of absorbed- and scattered-dose rates, with radiation quality and
sue distribution weighting factors used for final calculations of the
fcctive dose equivalent. The procedures should then provide confi-
•ce that risks associated with these techniques have been thoroughly
(mined.

• The committee recommends that federal agencies consider the need
r further L-line and K-line XRF instrument development to decrease
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the counting time and enhance the detection limits without increasing
radiologic risks. Both techniques may have future clinical utility to
answer outstanding questions essential to protect the health of sensitive
populations.

Federal agencies, which are mandated to clear new medical devices
for clinical use, should be cognizant of the sequence of XRF instrument
assessments that are necessary to ensure radiologic safety and clinical
utility of these instruments in sensitive populations.

Recent advances in mass spectrometry have demonstrated the applica-
bility of stable lead isotopes for investigating sources of environmental
lead.

• The committee recommends that thermal-ionization mass spectrom-
etry (TIMS) and ICP-MS be used to identify and trace unique sources
of lead contamination that can be characterized by isotopic composition

The same instrumentation could be used to investigate lead metabo-
lism in humans with relatively small (microgram) amounts of a stable
lead isotope tracer. The refinement of other analytic techniques that are
still in development should be promoted for surface-area analyses ( e g .
secondary-ion mass spectrometry, SIMS) and microanalyses ( e g . laser
microprobe mass spectrometry, LAMMA).

In cells and tissues, lead has been shown to perturb the calcium
messenger system. Although a direct connection between metabolic and
dosimetric changes to disturbances in growth, development, vascular
peripheral resistance, and cognitive function has yet to be fully estab
lished, the pervasive role of the calcium messenger in regulating diverse
cellular functions provides considerable plausibility to epidemiologic
findings. Given the inherent plausibility of those mechanistic and
dosimetric observations, new initiatives and refinements in methods are
needed to characterize further these and early toxic effects of lead on
cells and tissues. Such new approaches and refinements in current
techniques might become relevant in assessing lead exposure and toxic
biochemical effects in sensitive populations.

The committee finds a need to measure the biologically active chemi-
cal species of lead that produce toxic effects at low doses and their
relationship to lead binding in major inlracellular compartments, such a<
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«|-binding proteins, intranuclear inclusion bodies, mitochondria, and
monies. In addition, there is a need to understand further the mecha-
jms of low-level lead toxicity in target tissues, with particular empha-
ton lead-induced changes in gene expression, calcium signaling, heme
.-synthesis, and cellular energy production.
Cirrent tissue-culture studies involve a degree of lead contamination

: media and various reagents. As a result, even so-called untreated
ami cells can be perturbed, to an extent, by ambient lead in tissue-
Aure media.

• To understand further lead's mechanistic effects at the cellular
vd, (be committee recommends that studies be conducted to explore
< feasibility of applying ultraclean lead-free techniques to in vitro
idles.
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